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Introduction 
This report is the culmination of a 3-year research project titled, "Aqueous pollutant capture by 
enhanced filter media," which was funded by the Minnesota Pollution Control Agency through 
its Federal Clean Water Act Section 319 (Section 319) grant program, with Gregory Johnson as 
project manager. The purpose of this project was to research materials that could be used in new 
or renovated sand filters, infiltration systems, rain gardens, and buffer strips to capture 
significant amounts of dissolved heavy metals, phosphorus, and nitrogen that are typically found 
in urban and agricultural runoff. This was accomplished with five primary objectives, which 
have been organized into five representative Chapters and are described below.  
Chapter 1 consists of an extensive literature review that was used to not only inform and guide 
the project, but also to satisfy the first objective (Objective 1: Literature review and agent 
selection). Through this literature review, enhancing materials were evaluated and some were 
selected for testing as part of this project. In addition, this literature prevented duplication of 
previous research efforts. The review incorporated performance by existing stormwater treatment 
practices for water quantity reduction and capture of dissolved heavy metals, phosphorus, and 
nitrogen and also investigated potential enhancements that capture dissolved heavy metals, 
phosphorus, and nitrogen.  
Chapter 2 discusses batch studies that were performed on enhancing materials selected in 
Chapter 1, which satisfies the second objective (Objective 2: Perform batch studies and agent 
selection). Batch studies involved mixing enhancing materials with synthetic stormwater laden 
with stormwater pollutants of concern: metals, phosphorus, and nitrogen. By collecting samples 
and measuring change in concentration, the sorption capacity of the enhancing materials was 
determined and compared for well-mixed conditions. From this comparison, several materials 
were selected to further investigation.  
Chapter 3 discusses column studies that were performed on a few enhancing materials selected 
from the literature review and batch studies, which satisfies the third objective (Objective 3. 
Perform column studies and develop descriptive models). Synthetic stormwater was added to 
these columns while samples were collected samples and flow rate was measured and controlled. 
Sorption capacity for flow-through conditions was estimated from the data collected. The 
Thomas model (Thomas 1948) is a well-known model in the chemistry field that describes 
breakthrough of pollutants in flow-through columns. When fit to the data collected in this 
project, the Thomas model was found to adequately describe the removal of pollutants by the 
enhancing materials selected.  
Chapter 4 discusses field verification studies that were performed on two enhancing materials, 
which satisfies the fourth objective (Objective 4. Field verification studies). River water was 
collected in lieu of natural stormwater and passed through a scaled enhanced media filter. The 
water was tested and supplemented as necessary to represent the target conditions for the 
experiment. Samples were collected and flow rate was measured to determine the sorption 
capacity that could be expected of the enhancing materials in a field application. Again, the 
Thomas model was fit to the data and found to adequately describe the removal of pollutants by 
the enhancing materials.  
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Chapter 5 provides a summary of the project results and associated conclusions, which, in 
addition to activities throughout the project, satisfies the fifth and final objective (Objective 5. 
Public Outreach / Public Participation and Deliverables).  
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Chapter 1. Literature review 
1.1. Introduction 
1.1.1. Background 
Non-point source pollution from stormwater runoff is well-documented as a leading 
cause of impairment of freshwater lakes, rivers, and estuaries (U.S. EPA, 2000; U.S. 
EPA, 2005). When impervious surfaces such as roads, parking lots, and rooftops replace 
areas that previously allowed infiltration of stormwater, the resulting stormwater runoff is 
typically conveyed to storm or sanitary sewers which may act as conduits that carry 
pollutants (e.g., sediments, nutrients, metals, petrochemicals) to receiving water bodies. 
Stormwater management is an issue of importance to the health of the general public and 
the environment; thus municipalities throughout the nation have been seeking improved 
methods of managing stormwater.  
Historically, stormwater management consisted of reducing the peak flow of runoff from 
developed watersheds with minimal thought given to water quality. Methods used to 
accomplish this goal often involved the construction of detention ponds, which, although 
they reduce peak flows and can remove a fraction of solid particles, have been shown to 
be inadequate at addressing ecological stream degradation (Booth et al. 2002). With 
greater attention now being given to water quality issues, alternative stormwater 
management approaches within the framework of low impact development (LID) are 
being implemented. LID seeks to reduce the volume of runoff from developed sites while 
focusing on both water quantity and water quality. In addition to detention ponds, 
stormwater management techniques now include bioretention systems (i.e., rain gardens, 
bioretention ponds, etc.), bioswales, vegetative filter strips, infiltration basins and 
trenches, sand filters, and others. 
While most stormwater treatment practices have the ability to remove a portion of the 
particulate contaminants in stormwater, they do little to remove dissolved contaminants 
(Minnesota Stormwater Steering Committee 2005). The fraction of the contaminant load 
in stormwater runoff that is dissolved varies with each watershed and with each runoff 
event within a single watershed. On average, however, 45% of the phosphorus load, 25% 
of the nitrogen load, and up to 50% of the metal load are transported through stormwater 
treatment practices to downstream receiving waters as dissolved contaminants. Metals of 
primary concern (based on toxicity and occurrence) in stormwater are cadmium, copper, 
and zinc (Shrimali and Singh 2001, Jang et al. 2005, Rangsivek and Jekel (2005) with up 
to 50% in dissolved form (Morrison et al. 1983). Up to 100% of phosphorus (45% on 
average in the Twin Cities, Erickson et al. 2007) and approximately 25% of nitrogen on 
average are also in dissolved form.  
Because dissolved nutrients and metals have a higher bioavailability factor than 
particulate forms (Sharpley et al. 1992), removing particulate fractions from stormwater 
only minimally reduces pollutant bioavailability. In addition, reducing total phosphorus 
concentrations from typical stormwater values of 300-600 ppb to eco-region standards of 
20-40 ppb (Northern Lakes and Forests) or less than 100 ppb (North Central Hardwood 
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Forest) requires advanced treatment of the dissolved fraction. Thus, future stormwater 
treatment practices will need to do a better job of removing dissolved contaminants from 
stormwater runoff.  
One approach to reducing the amount (i.e., mass load) of dissolved contaminants 
reaching surfaces water bodies is to infiltrate the stormwater. As mentioned previously, 
this is a primary objective of LID. Although there is concern that doing so may have the 
potential to contaminant soil and aquifers, reducing the total volume of runoff does 
reduce the total contaminant load reaching surface waters. 
Dissolved contaminants may also be retained by stormwater treatment practices by 
adding agents that adsorb or otherwise retain the dissolved ions. For example, the iron 
enhanced sand filter operates much like a conventional sand filter except that the sand 
media contains approximately 5% iron by weight. As the iron rusts and becomes 
positively charged, it develops the ability to retain dissolved phosphorus in the form of 
the negatively charged phosphate ion (PO4-3). Erickson et al. (2012) document an average 
phosphate removal of 88% with this process in a field application. Although this 
technique can significantly reduce dissolved phosphorus loads, it does not necessarily 
address other dissolved contaminants of concern such as nitrogen and metals. Thus 
stormwater management practices with the ability to reduce other dissolved nutrient and 
dissolved metal loads must be developed to address stormwater quality concerns. 
After a brief introduction of current stormwater treatment process, this report presents a 
literature review of existing studies that have investigated the performance of current 
stormwater treatment practices with respect to stormwater runoff volume reduction and 
the removal of dissolved nitrogen, phosphorus, and metals from stormwater runoff. The 
report concludes with a review of existing work that has investigated potential enhancing 
agents that may capture dissolved nitrogen, phosphorus, and metals.  
1.1.2. Stormwater Treatment Practices 
Because one objective of this paper is to review literature that has investigated the 
performance of stormwater treatment practices with respect to runoff volume reduction 
and this is primarily accomplished through infiltration, the review of typical stormwater 
treatment practices will be divided into two broad categories: 1) Practices that typically 
infiltrate a significant fraction of the stormwater runoff they receive, and 2) Those that 
don't infiltrate a significant fraction. 
Stormwater Infiltration Practices 
As previously discussed, in an attempt to reduce runoff volumes, many stormwater 
management practices seek to infiltrate stormwater runoff into the soil where it can be 
transported by sub-surface flow and/or recharge groundwater aquifers. For example, 
bioinfiltration systems (i.e., rain gardens that infiltrate runoff) and other infiltration 
practices are designed based on a desired volume of water to be infiltrated. Other 
practices, such as detention ponds, often infiltrate a small portion of the total runoff 
volume. This section presents a brief summary of practices that are designed to infiltrate 
a significant fraction of the total runoff volume.  
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Infiltration Basins 
Infiltration basins are constructed with the intent of storing and infiltrating stormwater 
runoff up to a targeted design volume. As defined in the “Assessment of Stormwater Best 
Management Practices” manual (UM, 2007): 
“An infiltration basin is a natural or constructed impoundment that 
captures, temporarily stores, and infiltrates the design volume within an 
acceptable time period. Infiltration basins contain a flat, densely vegetated 
floor situated over naturally permeable soils. Nutrients and pollutants are 
removed from the infiltrated stormwater through chemical, biological, and 
physical processes. Infiltration basins are well suited for drainage areas of 
5 to 50 acres (2.03–20.25 hectares) with land slopes that are less than 
20%, with typical depths in the basin ranging from 2 to 12 feet (0.61–3.66 
meters).” 
Infiltration basins often require relatively large land areas and, with well-chosen 
vegetation, may be aesthetically pleasing. 
Infiltration Trenches 
The primary purpose of infiltration trenches is to collect stormwater and reduce runoff 
volumes by allowing the water to infiltrate into the surrounding soil. The “Assessment of 
Stormwater Best Management Practices” manual defines infiltration trenches as follows: 
“An infiltration trench is a shallow excavated trench, typically 3 to 12 feet 
deep (0.91–3.66 meters), that is backfilled with a coarse stone aggregate 
allowing for the temporary storage of runoff in the void space of the 
material. Discharge of this stored runoff occurs through infiltration into 
the surrounding naturally permeable soil. Infiltration trenches are well 
suited for drainage areas of 5 acres (2.03 hectares) or less.” 
Infiltration Chambers 
Infiltration chambers are long (> 8 ft) chambers, typically of porous pipe, set 
underground below the root zone of most plants, with the exception of trees. To increase 
infiltration rates and avoid clogging of porous surfaces, the chambers are surrounded by 
material of high hydraulic conductivity. Drainage areas are typically greater than 20 acres 
(8.12 hectares). 
Pervious Pavements 
The primary purpose of pervious pavements is to reduce runoff volumes by allowing 
stormwater to pass through the pavement structure and infiltrate into the underlying soil. 
While pervious asphalt and concrete are the most obvious varieties of these pavements, 
Ferguson (2005) lists a total of nine categories with this classification. These include 
pervious aggregate, pervious turf, plastic geocells, open-jointed paving blocks, open-
celled paving grids, pervious concrete, pervious asphalt, soft pervious surfacing, and 
decks. For the case where the pervious pavement is either asphalt or concrete, the 
pavement system is typically designed such that stormwater infiltrates through the 
Enhanced Filter Media for Removal of Dissolved Contaminants from Stormwater 
Final Report – September 2014 
 1-4 
pervious upper pavement layer and then into a reservoir of stone or rock below. Water 
from the reservoir then either percolates into the underlying soil or is collected by a 
perforated pipe underdrain system and carried to a surface discharge location. 
Bioinfiltration systems 
Bioinfiltration systems are low lying areas, natural or excavated, that are planted with 
vegetation and receive stormwater runoff from nearby impervious surfaces via 
stormwater conveyances, such as curb cuts. The collected stormwater exits the rain 
garden primarily via infiltration, reducing runoff volume and potentially recharging 
groundwater. Alternatively, some bioinfiltration systems are equipped with underdrains 
that are typically used when the underlying soil has a low infiltration capacity.  
Swales and Filter Strips 
Swales are vegetated canals or trenches that convey stormwater, filter and/or settle solids, 
and infiltrate a portion of the runoff. Other names for swales are roadside ditches, grassed 
channels, dry swales, vegetated swales, wet swales, biofilters, or bioswales. Permeable 
structures (e.g., check dams) are sometimes installed in the flow path to reduce flow 
velocities and increase infiltration volumes.  
Filter strips are vegetated areas specifically designed and positioned for overland sheet 
flow of stormwater runoff. The vegetation filters particulate pollutants and reduces runoff 
velocities, which increases infiltration. Filter strips may also be called buffer strips or 
buffers. Sheet flow is required for filter strips to effectively treat stormwater runoff.  
Green Roofs 
Green roofs are roofs that are covered with some form of vegetation planted in a soil 
medium over an impermeable membrane. Green roofs typically add to the cost of a 
building due to both the extra material needed and the additional strength the building 
must have to support the added load. Green roofs can reduce rainfall runoff volumes and 
runoff peak flows while also reducing building energy consumption by keeping the 
building cooler during warm summer months. 
Wet Detention Basins 
Detention basins are depressions in the soil surface that are designed to collect and store 
stormwater runoff. Wet detention ponds have their main outlet above the pond bottom 
and are designed to store a portion of the runoff volume long after the runoff event ends 
with the intent of infiltrating a portion of the runoff volume. Also called wet ponds, these 
basins are similar to dry detention basins (as described in the next section) except the 
outlet structure is set at a higher elevation to create a semi-permanent pool within the 
pond.  
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Non-infiltrating Stormwater Treatment Practices 
Dry Detention Basins 
Dry detention ponds are depressions in the soil that have their main outlet elevation at the 
pond bottom and are typically designed to discharge all stormwater within 48 hours of the 
end of a runoff event. Typically, dry detention ponds have been designed solely on the 
basis of peak flow reduction and not volume reduction. It must be noted that dry 
detention ponds may, depending on the native soil surrounding the pond, achieve 
significant infiltration if the pond is not lined with an impermeable membrane or clay 
barrier and the native surrounding soils are conducive to infiltration. Typically, however, 
detention ponds do not significantly reduce runoff volumes and are, thus, described in 
this section. Compared to other stormwater management practices, dry detention basins 
typically provide less water quality treatment.  
Constructed Wetlands 
Constructed wetlands are similar to detention systems, except that their water depths are 
shallower and a major portion of water surface area or bottom contains wetland 
vegetation. Constructed wetlands are similar to dry detention basins in that they release 
inflow more slowly as effluent. They also resemble wet detention basins in that they 
typically hold a permanent pool of water to maintain wetland vegetation. Whereas dry 
detention basins are typically designed to release the entire stormwater inflow 48 hours, 
constructed wetlands can have a hydraulic residence time of several days or more. 
Sand Filtration 
Sand filtration systems utilize granular media to filter stormwater runoff that is typically 
collected by drain tiles under the sand filter media and discharged as effluent to other 
treatment systems, to a conveyance system, or directly to receiving waters. Because sand 
filters have a collection system they do not typically infiltrate a significant volume of 
stormwater. 
Sand filters can be either above ground or below ground. Above ground filters, 
sometimes called Austin filters, can be similar in appearance to a detention basin except 
that the bottom of the practice contains a layer of sand typically 30-46 cm (12-18 inches) 
thick and an underdrain collection system. Underground sand filters, sometimes referred 
to as Delaware sand filters, are usually much smaller than above ground filters and are 
usually contained within a concrete vault. 
As previously discussed, sand filter media amended with iron has been shown to have the 
ability to retain dissolved phosphorus thereby reducing dissolved phosphorus loads to 
downstream locations (Erickson et al. 2012).  
Commercial Products 
Commercially available products are usually relatively small, self-contained underground 
units that use sedimentation and/or filtration to improve runoff water quality. They are 
typically contained in a concrete structure and, because they do not allow runoff to 
infiltrate, do little to reduce runoff volumes. 
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1.1.3. Stormwater Treatment Practice Summary 
This section has discussed common structural stormwater treatment practices. Although 
practices that infiltrate a significant volume of stormwater are often considered to remove 
dissolved contaminants, they do so by reducing runoff volume. Some contaminants such 
as total suspended solids (TSS), metals, and phosphorus can be filtered, adsorbed, or 
otherwise removed by the natural surrounding soil. Although this does reduce 
contaminant mass loads to downstream receiving water bodies, it also increases 
contaminant concentrations in the surrounding soil and has the potential to contaminant 
aquifers. Thus, stormwater treatment practices with the ability to retain dissolved 
contaminants within the practice can reduce dissolved contaminant loads without raising 
soil contaminant concentrations or posing a threat to drinking water aquifers. Although 
the iron enhanced sand filter has the ability to retain dissolved phosphorus, no such 
method has been fully developed to retain contaminants such as nitrates. There are 
technologies that can retain some dissolved metals, but they are not yet in the commercial 
stage. Thus, the focus of this project is to investigate and develop a treatment technology 
with the ability to retain dissolved nitrate and metals. 
After a review of literature that has investigated how current stormwater treatment 
practices perform with respect to runoff volume reduction (i.e., infiltration) and removal 
of dissolved phosphorus, nitrate, and dissolved metals, this report reviews studies that 
have investigated materials with the potential to be sand filter enhancing agents. The 
potential enhancing agents have been investigated for their ability to remove dissolved 
phosphorus, nitrate, or metals. 
1.2. Review of Performance of Current Practices 
1.2.1. Runoff Volume Reduction Practices 
A large component of LID involves the reduction of stormwater runoff volumes through 
infiltration. As discussed above, many current stormwater treatment practices have the 
ability to infiltrate a significant portion of stormwater received. This section reviews 
literature that has investigated the performance of stormwater treatment practices with 
regards to runoff volume reduction performance. 
Bergman et al. (2011) monitored a stormwater infiltration trench in Copenhagen. The 
trench was constructed in 1993 and monitored for three years immediately after 
installation. In 2009 Bergman et al. (2011) monitored the trench again and found that, 
after 15 years, the trench was infiltrating less water due to clogging. A model was 
developed to estimate the future decrease in performance of the trench with respect to 
infiltration. The model predicted that after 100 years of operation the trench will be 
discharging and not infiltrating 10 times more runoff than when first constructed, which 
corresponds to 60% of the runoff generated. 
The average hydraulic conductivity of the sides of the trench was estimated to be 0.89 
µm/s (0.13 in/hr) in 1990’s and 0.29 µm/s (0.042 in/hr) in 2009. Hydraulic conductivity 
values for the bottom of the trench were 0.28 µm/s (0.04 in/hr) in the 1990’s and 0.075 
µm/s (0.011 in/hr) in 2009. These reductions were attributed to clogging of the sides and 
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bottoms with fines, indicating that maintenance is important if the practice is to operate 
efficiently. 
Brown and Hunt (2011) constructed and monitored one shallow and one deep 
bioretention cell. The shallow cell had a media depth of 0.6 meters (2 ft) and the deep cell 
had a media depth of 0.9 meters (3 ft). Due to design and construction errors the cells 
were undersized with the shallow cell holding only 28% of the intended design volume 
and the deep cell holding 35% of the intended design volume. After monitoring the cells 
for one year, it was determined that that the shallow cell reduced runoff volumes by 31% 
due to exfiltration and evapotranspiration (ET) whereas the deep cell reduced runoff 
volumes by 42%. Most of the volume reduction was due to exfiltration as it was 
estimated that ET was responsible for only 3% of the volume reduction. The increase in 
volume reduction in the deep cell was attributed to its larger water storage volume and 
the corresponding increase in exfiltration into the surrounding natural soil.  
Engineered soil media is typically an expensive part of bioretention cell construction. 
This study indicates that the added cost of a deeper cell does result in an increase in 
runoff volume reduction. The study also found that the main reason for contaminant load 
reduction was the runoff volume reduction. The deep cell had much higher 
concentrations of nitrogen in its outflow than the shallow cell yet had about the same 
percent mass load removal because its total export volume was less. Also, total nitrogen 
event mean concentrations (EMCs) increased from inflow to outflow and ortho- and total 
phosphorus EMCs remained about the same. While the volume discharge has been 
reduced, the concentration of nitrate has increased, 
Carpenter and Hallam (2010) reported a summary of bioretention media mix designs as 
reported by states, municipalities, and other organizations and also investigated 9 mix 
designs (7 in a laboratory setting and 2 in the field) for bioretention media. The two field 
mix designs were also repeated and investigated in the laboratory so laboratory and field 
results could be compared. One of the field mixes was not mixed properly and, as a 
result, had soil properties vastly different from the lab mix. The authors concluded that 
mixing of media in the field must be done properly to meet requirements related to soil 
hydraulic conductivity, field capacity, and porosity. Some of the other results are shown 
in Table 1-1 and Figure 1-1. The letters in Table 1-1 represent the percent by volume the 
mix was of compost (c), sand (s), and topsoil (t).  
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Table 1-1. Soil characteristic variables for different planting mix designs (Carpenter and Hallam 
2010). 
 
	  
Figure 1-1. Field capacity of rain garden mixes (as percent water retained by weight). 
The results also indicated that mixes with higher organic matter have higher field 
capacity and decreased bulk density. Also, the 100% compost mix had a field capacity of 
115.3%, which means the compost retained 115% of its weight in water. Sand will only 
retain 14% and has a lower porosity, which means sand will decrease void spaces for 
water storage and will reduce field capacity.  
As previously mentioned, two media mix designs were tested in the field. One was 80% 
compost, 20% sand, 0% topsoil (80/20/0) and the other was 20/50/30. The 80/20/0 cell 
resulted in a 40.2% reduction in peak volume for a simulated small (2.3 cm or 0.90 
inches of rain) runoff event (from a grassed lot) and a 92% volume reduction for the same 
amount of rain but for an asphalt lot that generated more runoff. The low percent removal 
for the smaller runoff event was likely due to preferential flow paths that created short-
circuiting within the media of the cell. The 20/50/30 cell resulted in a 78.4% volume 
reduction for the grassed lot and a 82.5% reduction for the asphalt lot. The cells were also 
tested using a simulated rainfall event of 0.62 cm (0.24 inch) with a duration of 5 
minutes. Some results are shown in Table 1-2 through Table 1-4 below. Because the cells 
had different total volumes the water stored within the cell was normalized by dividing 
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that volume by the cell volume. This is shown in the last column in the tables (i.e., 
ΔS/cell volume). 
Table 1-2. Volume retention of a 2.3 cm, 1 hr long, simulated rainfall on a grass lot (Carpenter and 
Hallam 2010). 
 
 
Table 1-3. Volume retention of a 2.3 cm, 1 hr long, simulated rainfall on an asphalt lot (Carpenter 
and Hallam 2010). 
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Table 1-4. Volume retention of a 0.62 cm, 5 minute long, simulated rainfall on an asphalt lot 
(Carpenter and Hallam 2010). 
 
A street-side bioretention facility was monitored for over 2.5 years in Seattle, WA by 
Chapman and Horner (2010). During that time 48% to 74% of the runoff volume was 
reduced through infiltration and evaporation. The system drained runoff along 4 city 
blocks which ran 275 meters horizontally and had a 16 m vertical drop (900 ft 
horizontally and a 52.5 ft drop) and consisted of 12 stair-stepped cells. The top 5-8 cm 
(2.0 - 3.1 inches) of the cells consisted of gravel, below the gravel was a 20 cm (7.9 inch) 
deep mix of soil (30% organic compost, 70% gravelly sand by volume). On the bottom 
there was a layer of 6-mm (0.24 inch) diameter bank-run gravel and the bottom of each 
cell was lined with filter fabric. The cells had no underdrains to collect and transport rain 
water, hence only surface flow leaving the system was sampled.  
Figure 1-2 shows the volume reduction performance of the system over three rainy 
seasons and two dry seasons. Over this time there was 2.23 meters (7.3 ft) of rain and 
7635 m3 (269,400 ft3) of runoff entered the system. Of the 7635 m3 of runoff, 3982 m3 
(140,500 ft3) left the system as runoff. Thus, 48% of the influent did not leave as runoff. 
Most of the reduction in runoff volume was attributed to infiltration, not evaporation.  
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Figure 1-2. Cumulative precipitation depth and volumes of runoff entering and leaving the cascade, 
October 2003 - March 2006 (Chapman and Horner 2010). 
 
In a separate study by Davis (2008), two bioretention systems were investigated for two 
years and 49 runoff events for runoff volume reduction (and also for peak flow reduction 
and peak flow delay) from a 0.24 ha (0.59 acre) section of an asphalt parking lot. 
Eighteen of the 49 events were small enough that the systems retained all of the runoff 
(i.e., 100% volume reduction).  
One of the systems was 0.9 meters deep, was constructed according to a standard 
bioretention design in the Bioretention Manual of Prince George's County (2001), and 
contained media consisting of 50% construction sand, 30% topsoil, and 20% compost, 
and less than 10% clay content (by volume). The second system was 1.2 meters deep and 
included an experimental anoxic zone at the bottom to encourage denitrification of 
runoff. Previous lab studies had indicated that such zones containing shredded newspaper 
can be effective in promoting denitrification (Kim et al 2003).  
Davis determined that the 0.9 meter (3 ft) deep system had a 62% chance of reducing 
runoff volume by at least 33% and the 1.2 meter (3.9 ft) deep system (i.e., the cell with 
the additional anoxic layer) had a 55% chance of reducing runoff volume by at least 33%.  
Information on the total runoff volumes and duration (as well as the events that generated 
no outflow) is shown in Figure 1-3. 
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Figure 1-3. Total input runoff volume and event duration, demonstrating events that produced no 
underdrain flows in the bioretention cells. The line approximates the division between the flow/no 
flow events. The slope of this line corresponds to an average runoff flow rate that can be completely 
managed by the bioretention cells (Davis 2008). 
Hatt et al. (2009) monitored three bioretention systems to determine their impact on 
volume reduction and pollutant removal. One of the systems was a three-cell system with 
different media in each cell (1. 100% Sandy loam, 2. 80% Sandy loam, 10% vermiculite, 
10% perlite, 3. 80% Sandy loam, 10% compost, 10% hardwood mulch). The media of the 
second system was vegetated sandy loam and the third system was a layered system 
consisting of, from top to bottom, hardwood mulch, sandy loam, sand, and a gravel 
drainage layer. All three systems received runoff from parking areas and/or roadways.  
The first system, which was lined with an impermeable barrier, reduced runoff volumes 
by an average of 33% with a range of 15-83%. The percent reduction in runoff volume 
was, as expected, highly dependent on the inflow volume. In this system, vegetation was 
found to increase infiltration rates because root growth countered compaction and 
clogging. The other systems were not lined so volume reduction could not be solely 
attributed to the contained system because exfiltration undoubtedly occurred. One of the 
unlined systems reduced runoff volumes by 11 to 30% for the four monitored events. 
Volume reduction performance for the other system was much less than the two 
previously discussed systems but specific values were not reported. Water quality results 
will be discussed later in this report. 
The performance of three bioretention systems with respect to nutrient removal and 
volume reduction was investigated by monitoring natural rainfall events by Hunt et al. 
(2006). All systems were on clayey soil with relatively low permeability and, thus, 
included underdrains. The outlet pipe of one of the systems included an upturned elbow, 
which created a 0.45 meter deep saturated zone at the bottom of the system. The intent of 
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the saturated zone was to determine if the corresponding reduced (i.e., anaerobic) 
environment would allow the denitrification of NO3 to nitrogen gas. 
During the one-year study period, the outflow volumes were less than half of the inflow 
volumes, which highlights the impact of evapotranspiration and exfiltration to the 
surrounding soil. Also, volume reduction was found to be dependent on season with 93% 
volume reduction observed in the summer and a 46% reduction observed in the winter. 
In a separate analysis involving only a computer model, James and Dymond (2012) 
assessed the effect of bioretention systems on runoff volumes from an 154 ha (380 acre) 
urbanized watershed in Blacksburg, Mississippi, USA. One modeled scenario involved 
routing runoff from many land uses through bioretention systems. This scenario 
employed 26 bioretention cells sized according to Prince George's County Bioretention 
Design Specifications and Criteria with a total land area of 8.5 ha (21.0 acre) and 13,000 
m3 (458,700 ft3) in total storage volume. A second modeled scenario only routed runoff 
from large impervious areas through bioretention cells. 
Model runs were performed for the 1, 2, 5, 10, 25, and 50-year, 24-hour National 
Resources Conservation Service (NRCS) storm events. The 1-year return event showed a 
37% reduction in runoff volume as compared to the current state, which, however, was 
still 40% higher than the predeveloped state. When compared on a unit area basis, both 
scenarios showed approximately a 0.1% volume reduction per hectare routed through a 
bioretention practice. Routing runoff from large impervious areas through bioretention 
systems had negligible impact on total runoff volume and neither case reduced runoff 
volumes to predevelopment levels. 
Thirty-seven bioretention systems, chosen to have different characteristics, were sampled 
by LeCoustumer et al. (2009) to determine the long-term performance of these systems 
with regards to infiltration capacity (i.e., hydraulic conductivity). A summary of the 
systems is given in Table 1-5. 
Table 1-5. Site characteristics of bioretention systems investigated by LeCoustumer et al. (2009). 
 
Typically, hydraulic conductivity was determined at only three locations within a system 
because the systems were relatively small with areas less than 40 m2 (430 ft2). At each 
location the hydraulic conductivity was measured at the surface using two different 
methods: 1) Using a single ring infiltrometer, and 2) By taking a soil sample back to the 
laboratory and determining the value according to the Australian Standard test AS 4419, 
(2003). Also, at each location the hydraulic conductivity was measured at a depth of 
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about 150 mm by a deep ring infiltrometer and by the same laboratory test that was 
performed on the surface material. 
Since clogging occurs in the first 100 mm of soil, the deep hydraulic conductivity 
measurements were assumed to be an indicator of the initial conductivity of the soil while 
the surface measurements reflect the current state of the soil impacted by clogging.  
Of all the parameters investigated (ratio of the size of the system to the size of the 
watershed, volume of water received each year, volume of water received per m2 of 
surface area) only the initial hydraulic conductivity value was a statistically significant 
indicator of the current state of the systems. Forty-eight percent of the variability, 
however, was still unexplained by the multiple regression model. 
The authors concluded that: 
1. 40% of the systems investigated had hydraulic conductivities lower than 
recommended values of 50-200 mm/hr (2.0-7.9 in/hr) but a tendency for the 
systems to be over designed compensated for this so that treatment performance 
was not likely to be impacted. 
2. Systems with high initial hydraulic conductivity (> 200 mm/hr or 7.9 in/hr) were 
found to have a proportional reduction in conductivity over time while those with 
an initially low value do not change much over time. The initially high systems 
maintained an acceptable conductivity value even after reduction of conductivity 
values occurred. 
3. Since long-term conductivity values can only be predicted by initial values, the 
initial media mix design is very important to ensure the long-term effective 
operation of bioretention systems. 
 
Bioretention systems made from 240 L (63.4 gal) containers filled with media and 
planted with vegetation were investigated by Lucas and Greenway (2011a). The 
containers also had two-stage outlets. The systems were dosed weekly for one year with 
56 cm of tertiary treated wastewater plant effluent and were later modeled with 
HydroCAD.  
Results indicated that soils with high hydraulic conductivities (~40-100 cm/hr, ~16-39 
in/hr) such as the media used in this study (< 5% clay, 81.2% of particles from 300 µm to 
420 µm, 13.2% from 420 µm to 1000 µm, and 3.7% over 1 mm) can effectively infiltrate 
large runoff events ('large' was undefined) and that the ability to alter discharge-head 
relationships of the two-stage outlets allows a more consistent infiltration rate to be 
maintained as the media clogs and hydraulic conductivity of the media decreases. 
Maniquiz et al. (2012) compared the performance of two infiltration based stormwater 
treatment practices (essentially bioretention systems) with two non-infiltration based 
stormwater treatment practices (gravel wetlands) by monitoring inflow and outflow for 
37 storm events. As might be expected, volume reduction was larger for the infiltration 
system. Volume reduction (with standard deviations) averaged 71 +/- 33% for the 
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infiltration based systems and 32 +/- 32% for the non-infiltration based systems. Also, as 
the rain depth increased the percent volume reduction decreased for all practices. This 
study showed the impact infiltration can have on stormwater runoff volume reduction. 
The effect of the composition of engineered bioretention media on infiltration rate, bulk 
density, moisture holding capacity was investigated by Thompson et al. (2008). Eleven 
different soil mixtures (A through K) as described in Table 1-6 below were tested. 
Table 1-6. Soil mixtures investigated by Thompson et al. (2008). 
 
Steady-state infiltration rates were high for all of the mixtures and ranged from 78 cm/hr 
(30.7 in/hr) to 187 cm/hr (73.6 in/hr). Soils with only sand and compost in the media had 
the highest infiltration rates. Media containing sand, compost, and sandy soil had the next 
highest and media with sand, compost, and silt loam had the lowest infiltration rates. 
Media with only sand and compost and media with sand, compost, and sandy soil 
exhibited a linear relationship between infiltration rate and the ratio of sand to compost. 
This ratio, however, appeared to not impact infiltration rates of media containing silt 
loam. 
Bulk density of the medias was inversely proportional to the amount of compost in the 
mix. Media with sand, compost, and silt loam had the highest bulk densities followed by 
those with sand, compost, and sandy soil and those with sand and compost only had the 
lowest bulk densities. 
Moisture holding capacity increased with the amount of compost in the mix. This was 
likely due to an increase in porosity and surface area. Mixtures containing only sand and 
compost having the highest moisture holding capacity (sand, compost, and silt loam had 
the lowest).  
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The infiltration tests and the wetting process led to compaction of the soils, which 
resulted in an increase in bulk density and a decrease in the water holding capacity. 
Media mixtures containing about 20% silt loam were most resistant to this effect.  
Bulk density, moisture holding capacity, and compaction were all linearly related to the 
sand:compost ratio in the media. Lower compost amounts and the addition of soil led to a 
decrease in hydraulic conductivity as estimated by air permeability tests. Finally, fine 
textured, silt loam soil seemed to stabilize the soil and reduce the impact of changing the 
sand to compost ratio. 
Brown et al. (2012) monitored a two-component stormwater treatment train for 17 
months. The treatment train consisted of a 0.53 ha (1.3 acre) pervious concrete parking 
lot followed by a bioretention cell in series. The parking lot was designed to treat 2.5 cm 
(1 inch) of runoff from a 0.36 ha (0.89 acre) parking lot and included a gravel sub-base 
that acted as a storage basin. The bioretention cell, which was 0.05 ha in area with a 
media depth of 0.46 m (1.5 feet) and received runoff from the pervious concrete, was 
located in an area with a high water table.  
Over the 17 months, 80 rainfall/runoff events were monitored with only 33 events 
generating outflow. The overall volume reduction for all storms was 69%. When 
compared to a single bioretention cell at the same site, the treatment train treated 10% 
more runoff and discharged about half the runoff volume as the single practice.  
Dreelin et al. (2006) studied the performance of a porous paver parking lot and an asphalt 
parking lot with respect to volume reduction and contaminant removal. The porous paver 
lot consisted of a plastic matrix filled with sand and planted with grass. This was on top 
of a 10-inch gravel base and underdrain system, which was placed on top of the natural 
clay soil at the site. The porous lot generated 93% less runoff than the asphalt lot. Details 
of the nine rainfall events that were monitored are shown in Table 1-7. Water quality 
results will be presented in the corresponding section of this document. 
Table 1-7. Summary of rainfall events monitored by Dreelin et al. (2006). 
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Emerson and Traver (2008) investigated the long-term and seasonal variation in 
infiltration of two stormwater infiltration systems on the campus of Villanova University. 
One system was formerly a paved asphalt surface that was converted into a pervious 
concrete infiltration basin. This system had three underground storage spaces filled with 
~9 cm (3.5 inch) average diameter stones that created approximately 40% void spaces. 
The stones were wrapped in a non-woven geotextile material and the basin was covered 
with concrete surrounded by a perimeter of pervious concrete, which allowed infiltration 
to occur. Most of the runoff received by this system was generated from the slate roof of 
nearby dormitories.  
The second infiltration system was a turf area enclosed by a curb. The turf area was 
excavated to two meters below the curb level, the material was mixed with a poorly 
graded sand (1:1 ratio), and the resulting soil mixture was put back in the original 
location to a depth of 1.2 meters. Thus, the result was a turfed area with a depressed 
surface, which allowed for the pooling of runoff. The depression was covered with bark 
mulch and planted with vegetation. The watershed land use in the catchment consisted of 
35% directly connected impervious surfaces.  
After two years of monitoring, no noticeable decrease in performance was found in the 
systems. Infiltration rates were found to vary, but that was only due to variations in water 
viscosity due to changes in temperature. The authors concluded that the results emphasize 
the importance of proper design, siting, and maintenance of stormwater treatment 
practices for continued long- term operation. 
Fachs and Dierkes (2011) investigated a precast concrete block pervious pavement with a 
sub-adjacent infiltration trenches for hydraulic performance. The pervious pavement 
drained a 2 ha (4.9 acre) impervious catchment. Rainfall, runoff, seepage, and ground 
water was analyzed for metals and other contaminants (but not nitrogen or phosphorus) 
for 22 rainfall events.  
The study, which investigated various joint materials for the concrete pavers, showed that 
joint material had a major impact on initial and final infiltration rates. Results showed 
that limestone gravel should not be used for the joints of the precast concrete block 
pavers because of its low hydraulic conductivity. Instead, recycled concrete showed the 
best performance with regards to infiltration capacity and the hydraulic performance did 
not drop off over the four-year study. To maintain infiltration and maximize retention of 
contaminants the authors recommended recycled concrete or basalt gravel with grain 
sizes from 1 to 3 mm. 
The infiltration capacity of pervious concrete is usually limited by the underlying soil. A 
study by Tyner et al. (2009) investigated different methods of treating an underlying 
clayey soil in order to maximize the infiltration capacity of a porous concrete system.  
Four types of treatments were applied to the clay soil prior to placement of the stone 
aggregate base and pervious concrete. The treatments were 1) control – no treatment; 2) 
trenched – soil was trenched and backfilled with stone aggregate; 3) ripped – soil was 
ripped with a subsoiler; and 4) boreholes – shallow boreholes were drilled and backfilled 
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with sand. The average exfiltration rates were 0.8 cm/d (0.3 in/d) for the control, 4.6 cm/d 
(1.8 in/d) for the borehole, 10.0 cm/d (3.9 in/d) for the ripped, and 25.8 cm/d (10.2 in/d) 
for the trenched treatment. The trenched treatment exfiltrated the fastest, followed by the 
ripped and then the borehole treatments. Results for the ripped and borehole treatments, 
however, were not different from one another at the 5% level of significance. In 
summary, while all treated soils could sufficiently drain collected water in 3 days or less 
and the control (i.e., untreated soil) could not, the trenched soil exhibited superior 
infiltration capacity. Also, there was no variation in infiltration capacity with time over 
the course of the study (fall 2006 through summer 2007).  
The study also monitored the temperature and water content within pores of the concrete. 
The temperature in the concrete dropped below freezing 24 times over the winter but, 
when temperatures were at freezing or below, there was never any free water in the pores 
of the pervious concrete. Also, the temperature of the concrete lagged behind the air 
temperature with a dampened amplitude. 
In one study, the hydraulic performance of four grass swales adjacent to a four-lane 
limited access highway was investigated over 4.5 years and 52 rainfall events (Davis et 
al. 2012). Topsoil in the swales was classified as either loam or sandy loam and grass in 
the swales was 90% tall fescue, 5% Kentucky bluegrass, and 5% perennial ryegrass. Both 
swales drained an area of 0.22 ha (0.54 acre). 
Over half of the events were small enough that the swales reduced 100% of the runoff 
volume. In these cases complete infiltration of runoff was limited by the infiltration rate 
of the soils. Based on results, it was estimated that the swales would capture 0.56 cm of 
rain through initial abstractions and completely capture storms when infiltration rates 
varied from 0.3 cm/hr to 1.5 cm/hr (0.12 in/hr to 0.59 in/hr). It was predicted that swales 
designed similarly would capture 59% of storm events during a typical Maryland year. 
For rainfall events less than 3 cm the swales significantly reduced runoff volume but the 
swales had essentially no volume reduction in large storms. The authors also investigated 
the impact of check dams placed in the swales and found that they had no effect on the 
capture of small storms but check dams and filter strips increased the swale effectiveness 
with regards to volume reduction for storm events with 2.3 to 3.3 cm (0.9 to 1.3 in) of 
rain. 
Knight et al (2013) investigated four vegetative filter strips with level spreaders (LS-
VFS) and a swale for their ability to reduce runoff volumes and retain contaminants. The 
systems were monitored during natural rainfall events over an 8-month period. Two LS-
VFS systems were 8 m long by 6 meters wide (26.2 ft long by 19.7 ft wide) and two were 
20 meters long by 6 meters wide (65.6 ft long by 19.7 ft wide). One LS-VFS of each size 
was dosed with a proprietary phosphorus sorptive aggregate (ViroPhos). The swale tested 
was 10.4 meters (34.1 ft) long and had a bottom width of 0.15 m (0.5 ft) and side slopes 
of 3h:1v.  
Observed volume reductions averaged 36%, 59%, 42%, 57%, and 23% for the small and 
large VSF without ViroPhos, small and large VFS with ViroPhos, and the swale, 
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respectively. Thus, the authors concluded that larger VFSs produced larger volume 
reductions than smaller VFSs and the smaller VFSs were more effective than the swale. 
In another study by Xiao and McPherson (2011), a 10.4 m long (34.1 ft), 2.4 m (7.9 ft) 
wide, 0.9 m (3.0 ft) deep bioswale with engineered soil and one tree planted in it received 
runoff from 8 parking spaces. To construct the bioswale, about 28.3 m3 (999 ft3) of native 
soil was excavated and replaced with engineered media. An adjacent control site with a 
tree but no bioswale also received runoff from 8 parking spaces at the site. The control 
site was identical to the site with the bioswale except that no soil was removed and 
replaced with engineered media as was done with the bioswale. Instead, the soil of the 
control site was clay loam. 
The site with the bioswale had an overall runoff volume reduction of 88.8%. Runoff 
coefficients ranged from 0-76% for the control site and 0-6% for the bioswale site. The 
authors concluded that the superior performance of the bioswale demonstrated its 
potential to reduce runoff volumes in larger applications such as parking lots and along 
roads. 
In a study that ran from July to October in two consecutive years (2009-2010), Burszta-
Adamiak (2012) investigated the ability of 0.35 m (1.1 ft) deep green roofs to reduce 
runoff volume. In this study the green roofs were represented by vegetated dishes (or 
trays) that were 2.40 m (7.9 ft.) long and 1.20 m (3.9 ft.) wide and were sloped at 7.7% 
and placed on top of a building. The mean monthly retention for a non-green control roof 
ranged from 34.8% to 84.7% of the total monthly rainfall whereas the green roofs 
retained from 82.6% to 99.9% of monthly rainfall amounts. The higher percentages 
correspond to dryer months and the lower percentages to the months with the most 
rainfall. This study demonstrated that green roofs can significantly reduce runoff 
volumes. 
Stovin (2010) assessed the volume reduction potential of a green roof in the UK using a 3 
m by 1 m (9.9 ft by 3.3 ft) test bed containing a standard commercial green roof with 
sedum vegetation grown in 8 cm (3.15 in) of substrate. Results indicated that the green 
roof would reduce runoff volumes by an average value of 34%, with maximum volume 
reduction values in the mid-60% range. The extent of retention, however, was found to be 
dependent on antecedent moisture conditions. 
Hunt et al. (2010) investigated the volume reduction capability of a level spreader and 
vegetative filter strip over a 16-month period and 23 rainfall events. The level spreader 
treated runoff from a 0.87 ha (2.1 acre) residential watershed. The advantages of such a 
system is that it could be used in locations where a high water table would prevent other 
stormwater treatment practices (i.e., bioretention, sand filters, etc.) from being used while 
occupying a much smaller footprint than wetlands and wet ponds.  
The total volume reduction over the monitoring period was 85% with only 3 of the 23 
events producing runoff. The 3 events that did produce runoff had rainfall totals of more 
than 40 mm (1.6 inches). The volume reduction performance was similar to other 
stormwater treatment systems in the area. 
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Mueller and Thompson (2009) performed experiments on six residential turf grass lawns 
in Madison, WI. Runoff from downspouts was simulated by pumping water from a 
reservoir up to a temporary downspout located next to the actual downspout. Runoff was 
measured as a function of distance from the downspout and the results were used to 
develop a model to estimate runoff volume reduction with inputs of steady-state 
infiltration rate, abstractions such as surface storage and vegetative interception, and 
inundated area. The model suggests that under predevelopment conditions there is no 
runoff from lawns with an infiltration rate of 4.2 cm/hr (1.7 in/hr) or more. Results also 
indicate that disconnecting downspouts from the stormwater conveyance system can be 
an effective method of reducing runoff volumes.  
Gregory et al. (2006) investigated the effect of compaction on the infiltration rate of soils. 
Two plots of land in which some area was undisturbed and other areas had been 
compacted due to light and heavy construction equipment traffic were tested to determine 
the infiltration rate of the soil and the impact that the compaction had on infiltration rates. 
The soil at both sites was comprised of about 90% or higher sand content. In addition to 
the two plots mentioned previously, some undisturbed land was compacted to various 
levels (i.e., by varying compaction time from 0, 0.5, 3, and 10 minutes) with a 
mechanical compactor and also investigated for infiltration rate capacity. 
As expected, soil compaction was shown to decrease infiltration rates. Even the lowest 
amount of soil compaction that was investigated showed significant impact on infiltration 
rates. Heavy equipment (e.g., fully loaded dump truck) was shown to decrease infiltration 
to a much greater extent compared to light equipment (e.g., backhoe or pickup truck). 
Also, there was no observable effect due to varying the compaction time of the 
mechanical compactor. Thus, the authors state that, with regards to infiltration capacity, 
soil should be classified as either compacted or uncompacted. The authors also state that 
during site development, areas should be left undisturbed in order to encourage 
infiltration and reduce runoff volumes. 
Remediation techniques to improve infiltration capacity of soils were investigated by 
Olson et al. (2013) with three sites being tested. At each site a parcel of land was divided 
into three sections. One section was tilled to a depth of about 0.6 m (2 ft) at 0.3 m (1 ft) 
intervals. After tilling, a tree spade was used to mix the soil. A second section was tilled 
as previously described but ~70 mm (2.8 in) of compost was added before the soil was 
mixed with the tree spade. A third section acted as a control and received no treatment. 
Saturated hydraulic conductivity values of the soil were measured using the modified 
Philip Dunne method prior to and after treatment. 
Deep tillage was found to be effective at reducing the soil strength as it was reduced to 
about half its strength in the first 15 cm (6 inch) of the tilled soil. Tilling alone, however, 
was found to be rather ineffective at increasing infiltration rates of the soil. Final 
saturated hydraulic conductivity values were 0.5-2.3 times that of initial values. Tilling 
with the addition of compost, however, was found to increase saturated hydraulic 
conductivity values from 2.7-5.7 times.  
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Trowsdale and Simcock (2011) designed, constructed, and monitored a bioretention 
system that received runoff from a light industrial area and a road to determine its 
effectiveness in reducing stormwater metal concentrations. To construct the system, the 
existing soil was excavated, removed, and replaced with engineered soil that was 
designed to have high metal removal ability and an infiltration rate of 5 cm/hr (2 in/hr). 
The system, which was lined with an impermeable barrier, had a total depth of about 120 
cm (47.2 in). The bottom 15 cm (5.9 in) consisted of a course sand drainage layer. On top 
of the drainage layer was a 60-70 cm (23.6-27.6 in) layer of subsoil followed by 30-40 
cm (11.8-15.7 in) of topsoil and 5 cm (2.0 in) of mulch. The subsoil contained clay and 
weathered limestone and the topsoil was purchased from a landscaping store and 
contained pumice sand and horticultural soils. The mulch layer was obtained from 
composted city waste.  
Due to space limitations the volume of the system was only 60% of the recommended 
design volume. In an attempt to compensate for the under design, the soil was designed to 
have an infiltration rate that was 2.5 times higher than the recommended value. Despite 
this compensation, 10 of the 12 rainfall events generated runoff volumes to the extent that 
a portion of the runoff had to bypass the bioretention system. Overall, the system was 
found to reduce runoff volumes (not including the bypassed portion) by 54% (1282 m3 of 
2376 m3 or 45,200 ft3 of 83,800 ft3). The average of the individual storm volume 
reduction values was 49%. 
A few studies addressed the impact winter and cold weather has on infiltration practices. 
Those studies, which are extremely relevant to infiltration practice performance in 
Minnesota, are discussed below. 
1.2.2. Winter Infiltration due to Stormwater Control Measures 
Frozen soil moisture negatively impacts infiltration because it reduces available pore 
spaces, which increases runoff volumes. 
In laboratory experiments Al-Houri et al. (2009) investigated the impact freezing has on 
soil hydraulic conductivity by examining recompacted loam and sandy loam soils 
obtained from highway stormwater treatment practices in eastern Washington State, 
USA. 
Hydraulic conductivity was measured in frozen and unfrozen conditions by performing 
an air permeameter flow test and converting the results to hydraulic conductivity using 
values of air and water densities and dynamic viscosities. 
To assess the impact of freezing, the authors varied the drain time before freezing (2, 4, 8, 
24 hours) and found that longer drain times before freezing resulted in the higher soil 
hydraulic conductivity. For the loam soil, frozen soil hydraulic conductivity was from 5-
30% of the unfrozen soil value. In each case hydraulic conductivity values were 
measured in the top, middle, and bottom sections of the soil sample. Although average 
values are reported here, the increase in conductivity with an increase in drain time 
relationship was especially pronounced in the top section of the soil. 
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For the loam soil sample with a drain time of 2 hrs, the frozen soil had less than 5% of 
the hydraulic conductivity of the unfrozen sample. For a 4-hour drain time the hydraulic 
conductivity increased to 21% of the unfrozen sample and a 24-hr drain time increased 
the conductivity to 30% of the unfrozen sample value. 
The frozen sandy loam soil had only about 4% of the hydraulic conductivity of the 
unfrozen sandy loam soil even with a drain time of 24 hrs. Hydraulic conductivity of the 
sandy loam soils that were drained for only 2 hours prior to freezing decreased by one to 
two orders of magnitude when frozen. 
For both soils, the minimum reduction in hydraulic conductivity was found for the 
maximum drain time of 24 hrs. The 24-hr drain time allowed the frozen loam soil to 
return to the same order of magnitude as the unfrozen loam soil but this was not true for 
the sandy loam soil. 
This study demonstrated the impact that the time a soil sample has to drain before it 
freezes has on the infiltration capacity of the soil and thus the runoff volume reduction 
potential. 
The performance of an open-joint interlocking paver and the impact of cold weather on 
performance were investigated by Huang et al. (2012) using simulated rainfall events. 
Contaminant removal was investigated but only total concentrations, not dissolved 
concentrations were determined and, thus, are not reported herein.  
The study sight received runoff from areas with light vehicle traffic and occasional 
heavy-duty vehicle traffic. The pavers covered an area of 36 m2 (387 ft2) and were 8 cm 
(3.1 inch) thick Eco-Optiloc® paving blocks with a void ratio of about 12%. Under the 
blocks there was a 7 cm (2.8 inch) layer consisting of 1.25 cm (0.5 inch) aggregates. The 
base layer was 15 cm (5.9 inch) thick with larger aggregate size (4 cm, 1.6 inch). The 
sub-base was 35 cm (13.8 inch) thick with 6.3 cm (2.5 inch) aggregate with a void space 
of about 35%. 
Due to surface deposition of sand and de-icing material, the infiltration rate decreased by 
over an order of magnitude over four test runs. The first test, done during mild conditions 
(10o C), had much higher infiltration rate (>750 cm/hr, 295 in/hr) than the final three, 
cold weather tests (4, 2, -3o C; 39, 36, 27o F) that had infiltration rates < 52 cm/hr (20.5 
in/hr). The authors concluded that the drop in infiltration rates was due to both cold 
weather and the effect of particles. The conclusion, however, was that even during 
extreme cold conditions the pavers have the ability to infiltrate the 100 year runoff event 
of 8 cm/hr (3.1 in/hr) for 20 minutes. 
Muthanna et al. (2007a) investigated a pilot sized bioretention cell with a surface area of 
0.95 m2 (10.2 ft2) designed according to Prince George’s County bioretention design 
manual. The cell was loaded with runoff (as modeled from historical storms) using 
diluted wash water from a highway tunnel or water from a stormwater channel with 
added sediments and metals.  
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Total runoff volume reduction was 13% in April compared to 25% in August. Total metal 
retention was relatively high for both warm and cold seasons (90% mass load reduction 
in zinc, 82% for lead, 72% copper) with adsorption and mechanical filtration being the 
dominant forms of removal. Although removal of only the dissolved metal fraction was 
not reported, dissolved and total concentrations of the inflow were reported. The fraction 
of the copper load that was dissolved averaged 14.9%, zinc averaged 29.1% dissolved, 
and lead averaged 3.6% dissolved. 
Muthanna et al. (2007b) also reported that plants in bioretention systems may play an 
important role because their roots help open the soil and increase infiltration. 
1.2.3. Dissolved Metal Retention of Stormwater Treatment Practices 
As previously discussed, a significant portion of the total metal load carried by 
stormwater runoff can be in the dissolved form. Because most conventional stormwater 
treatment practices do little to remove dissolved metals from stormwater runoff and the 
dissolved fraction is more bioavailable, removing the dissolved fraction may be a critical 
component of stormwater management. Thus, a review of literature that has investigated 
the performance of stormwater treatment practices with respect to dissolved metal 
removal follows. 
In one study, pilot lab studies and two existing bioretention facilities were tested with 
synthetic rainwater dosed with low levels of lead, copper, and zinc by Davis et al. (2003). 
Runoff pH, rain duration and intensity, and metal concentrations were varied over the 
course of the study. 
Removal (concentration and mass) rates were high (close to 100% for all metals under 
most conditions. Effluent lead and copper concentrations were below 5µg/L and zinc was 
less than 25 µg/L. The field studies supported the results of the lab pilot scale tests and, 
based on typical stormwater metal concentrations, the authors speculated that the build-
up of metals in soil is not expected to be a concern for more than 15 years. 
The pilot scale study consisted of two boxes, one with 61 cm (24 inch) deep soil media 
and one with 91 cm (36 inch) deep soil media. Each box contained sandy loam soil and 
was covered with 2.5 cm (1.0 in) of mulch. Six creeping juniper and 12 creeping juniper 
plants were installed in the small and big box, respectively. 
De-chlorinated tap water was used to prepare synthetic stormwater with target 
concentrations of 0.08, 0.08, 0.6 mg/L for copper, lead, and zinc, respectively. The pH 
target was 7.0 and nutrients were not investigated. Target concentrations of the synthetic 
stormwater are presented in Table 1-8. 
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Table 1-8. Target concentrations of synthetic stormwater applied to bioretention systems (Davis et al. 
2003). 
 
Water was applied at 4.1 cm/hr (1.6 in/hr) for 6 hrs and sampled at various levels (an 
upper and lower level for small box and upper, middle, and lower level for the big box). 
Flow duration, rate, and chemical make-up of the water were varied individually, and 2-3 
repetitions were performed for each variation. All data was combined to obtain mean 
influent and effluent concentrations. 
The field studies used the same synthetic stormwater applied at the same rate of 4.1 cm/hr 
(1.6 in/hr) for 6 hours. The smaller of the two field sites was at a mall parking lot and was 
five years old and consisted of a bioretention cell covered with thick grass 90-120 cm 
(35-47 in) tall, shrubs, and trees. A perforated PVC drain tile was located 114 cm (45 in) 
below the surface. The second, larger field site bioretention system was about one year 
old and its media consisted of construction sand (50%), leaf mulch (20-30%), and top soil 
(20-30%). Both sites also had a mulch cover. 
Most metals were removed in top 20 cm (7.9 in) of the system (including mulch). One 
field study site had similar results to the lab studies with over 95% of all metals removed. 
The larger field study site had lower removal rates, which could possibly be due to its 
media make-up (sand, soil and leaf mulch) and the fact that it did not have grass on the 
surface like the smaller field site did. Other possible contributing factors include 
differences in path that the water traveled after leaving the soil but before sampling and 
runoff interactions with concrete pipes on the larger site, among others. 
Field study results are summarized in Table 1-9 through Table 1-11. 
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Table 1-9. Summary of metal removal in pilot scale boxes (Davis et al. 2003). 
 
Table 1-10. Summary of metal removal in field study sites (Davis et al. 2003). 
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Table 1-11. Estimates of lifetime heavy metal accumulations in infiltration based stormwater 
treatment practices (Davis et al. 2003). 
 
Dierkes et al. (2006) developed an underground pollution control pit that removed 
pollutants from stormwater via hydrodynamic separation/sedimentation, filtration, 
chemical precipitation, and adsorption. In the system, stormwater first entered the 
hydrodynamic separator then flowed upwards through a multi-stage concrete filter. After 
leaving the filter, stormwater flowed into horizontal porous concrete pipes. The bottom of 
these pipes was solid to allow further sedimentation of solids. In the pipe the concrete 
buffered the pH so the stormwater was less acidic. The sides and top of the horizontal 
pipes were porous, which provided further filtration as the water moved through the 
porous part of the pipe walls where metals were removed by precipitation. Removal of 
the metals was improved by adding certain hydroxides to the concrete during the 
manufacturing process. Additional treatment was provided by biofilms that digested 
organics and nutrients that developed on the porous concrete walls and within the 
surrounding soil media. When necessary, sediments and other pollutants could be 
removed by backwashing.  
Initially, nine different filter materials were tested under controlled laboratory settings. 
Four of these were made of porous concrete using different grain sizes. Iron oxides and 
iron hydroxides were added to the concrete mix in order to increase adsorption capacity. 
Three filters consisted of an adsorbent fill layer sandwiched between two layers of porous 
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concrete. The fill consisted of either iron hydroxides, a mix of iron hydroxides and 
recycled concrete, and dried iron sludge. One filter consisted of inert concrete (made with 
epoxy and not CaCO3) and an iron hydroxide fill layer. An additional filter, in the form of 
a control, was also tested.  
Initially, the filter with the highest removal of copper was the one containing the iron 
hydroxide fill sandwiched between two layers of inert concrete, which removed 100% of 
copper from the synthetic stormwater. Removal, however, dropped to 67% at the end of a 
simulated 8-month period.  
Concrete filters, which allow adsorption and chemical precipitation to occur, were 
deemed to be more effective because their efficiency did not drop off over time and 
removal rates were high. For example, copper concentrations were continually reduced to 
less than 1% of influent concentrations.  
After laboratory tests, a field unit was constructed and tests that simulated over two years 
of runoff events were run for several weeks. Removal efficiencies were more than 96% 
for lead and copper and 84% for zinc. The article did not specify the specific grain size or 
details about the iron oxides and iron hydroxides that were added to the concrete mix 
used in the field unit. 
Pervious pavement and an infiltration trench that drained a 2 ha (4.9 acre) impervious 
area were investigated for hydraulic conductivity and removal of metals by Fach and 
Dierkes (2011). For 22 storm events, rainfall, runoff, seepage, and ground water was 
analyzed for metals and other contaminants (but not nitrogen or phosphorus). 
Based on results, the authors suggest that, to achieve optimum pollutant removal, coarse 
joint material should be avoided. Instead they recommend using recycled concrete or 
basalt gravel with diameters from 1 to 3 mm (0.04 to 0.11 inch) in the joints. With these 
materials used in the joints, all metal concentrations (lead, cadmium, copper, zinc) except 
for lead were below German allowable limits (25 µg/L, 5 µg/L, 50 µg/L, 500 µg/L, 
respectively). Lead was high due to initially high background concentrations.  
A pervious concrete infiltration basin was investigated by Kwiatkowski et al. (2007) to 
determine if stormwater contaminants were transported into the soils beneath the surface 
of the basin. Water samples from different depths in the vadose zone were collected from 
17 runoff events. Copper, the only metal investigated, was not found at depths greater 
than 0.3 meters (1 ft) below the surface. This indicates that all copper is retained by the 
soil in the first 0.3 meters (1 ft).  
In an article with only the abstract in English, Durin et al. (2005) showed that high 
salinity water may cause a release of metals from sediment. 
Ingvertsen et al. (2012a) assessed eight roadside swales in Germany that had been in 
operation from 6 to 16 years. Of the eight swales, six had soils with metal concentrations 
(cadmium, chromium, copper, lead, zinc were investigated) higher than regulatory limits 
for unpolluted soils. The capacity of the soil for metal removal, however, was estimated 
to be from 13 to 136 years. 
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In Lancaster et al. (2009), the effectiveness of roadside infiltration as a stormwater 
treatment practice was investigated by monitoring nine runoff events (60 mm total 
precipitation depth) in semi-arid eastern Washington State (USA). Results indicated that 
all runoff infiltrated into the soil within 2 meters (6.5 ft) of the edge of the road. Metal 
(copper, lead, and zinc) concentrations in the water ranged from 10-200 µg/L, with 
concentrations in the soil ranging from 20-75 mg/kg (dry weight). About 2/3 of the 
copper and zinc contaminant fraction was dissolved and 1/3 of lead was dissolved.  
In the soil, copper and zinc concentrations at the roadside edge were slightly elevated but 
all soils were near or below background levels of these metals. Lead concentrations, by 
contrast, increased with depth and distance from the road, which the authors attributed to 
historical use of lead in gasoline and/or current deicing agents that may leach lead. The 
authors concluded that roadside infiltration is an effective stormwater management 
practice in semiarid climates. 
In Murakami et al. (2008) stormwater infiltration practice sediment was investigated for 
both its ability to adsorb metal ions and for the potential for metals to leach from the 
sediment. Artificial runoff was prepared by soaking collected road dust, which generated 
leachate. The artificial runoff, which was shown to be similar in chemical make up to 
actual runoff reported in literature, was applied to the infiltration sediment samples. It 
was observed that: 
1. Organic copper complexes were mostly adsorbed by the sediment 
2. Manganese, zinc, and cadmium desorbed from the sediment 
3. In the road dust leachate (i.e., artificial runoff), copper was mostly in the form of 
organic complexes and carbonates. Manganese, zinc, and cadmium were in the 
form of free ions and carbonate complexes. 
Due to the observed desorption, the authors concluded that free metal ions such as 
manganese, zinc and cadmium have the potential to contaminate groundwater aquifers. 
A trademark product, the Ecodrain, was presented and discussed by Papiri et al. (2003). 
The Ecodrain system treats low flows and the first flush of runoff events by allowing 
water to infiltrate through bags containing plant fibers. The fibers have the ability to 
adsorb metals and are also the home to microorganisms that can degrade other organic 
contaminants. The bags, when necessary, can be replaced. Although the article focused 
more on how to dispose of spent bags of adsorbent, it was reported that the bags removed 
nearly 98% of copper, lead, and zinc. 
An in situ partial exfiltration reactor (PER) constructed along Interstate-75 was 
investigated by Sansalone and Teng (2004) over three rainfall events for its performance 
with respect to metal removal. The reactor consisted of a trench filled media with 
underdrain that was overlayed with pervious concrete. Most of the runoff exfiltrated into 
the surrounding natural soil or was collected by the underdrain and transported 
downstream. The media consisted of an iron oxide coated sand which, compared to 
regular sand, increased the specific surface area of the media by two orders of magnitude. 
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The porous concrete and media had the ability to physically strain solids, whereas the 
media also had the ability to adsorb dissolved metal ions.  
The total mass of dissolved cadmium removed was 89.5, 78.7%, and 89.1% for the three 
storms that were monitored. Mass removal rates for other dissolved meters were copper: 
89.7%, 86.5%, 89.1%, lead: 86.4%, 68.0%, 72.8%, zinc: 98.7%, 98.4%, 97.0%.  
Trowsdale and Simcock (2011) designed, constructed, and monitored a bioretention 
system that received runoff from a light industrial area and a road to determine its 
effectiveness in reducing stormwater metal concentrations. To construct the system, the 
existing soil was excavated, removed, and replaced with engineered soil that was 
designed to have high metal removal ability and a infiltration rate of 5 cm/hr (2.0 in/hr). 
The system, which was lined with an impermeable barrier, had a total depth of about 120 
cm (47.2 in). The bottom 15 cm (5.9 in) consisted of a course sand drainage layer. On top 
of the drainage layer was a 60-70 cm (23.6-27.6 in) layer of subsoil followed by 30-40 
cm (11.8-15.7 in) of topsoil and 5 cm (2.0 in) of mulch. The subsoil contained clay and 
weathered limestone and the topsoil was purchased from a landscaping store and 
contained pumice sand and horticultural soils. The mulch layer was obtained from 
composted city waste.  
Monitoring of 12 rainfall/runoff events revealed that the bioretention system increased 
median dissolved copper concentrations as the water moved through the system. The 
authors theorized that the source of copper could have been due to slow-release 
fungicides used on plants and/or potting soil purchased from a nursery. Median dissolved 
zinc concentrations were reduced from about 0.40 mg/L to 0.024 mg/L, but this effluent 
value was still 3 times greater than local regulations allow.  
1.2.4. Nutrient Removal in Stormwater Treatment Practices 
Like metals, a significant fraction of nutrient loads in stormwater may be dissolved. For 
example, phosphorus, on average, is about 40% dissolved in stormwater runoff but the 
dissolved fraction can range from 0-100% of the total. Nitrogen loads are, on average, 
about 25% dissolved. Thus, in order to reduce nutrient loadings beyond what current 
practices typically achieve, the dissolved fraction can be targeted for removal. This 
section reviews studies that have investigated the performance of stormwater treatment 
practices with respect to the removal of phosphorus and nitrogen. 
Amado et al. (2012) found that light expanded clay aggregates (LECA) may help 
alleviate clogging in horizontal subsurface flow constructed wetlands. They also may 
increase treatment capacity because they have high porosity and high specific surface 
area, which allows better biofilm adhesion. Clogging can be an issue if hydraulic loading 
rates are > 30 cm/day (11.8 in/day). 
In this study the authors monitored a constructed wetland for 30 months to determine 
how stormwater runoff affected the hydraulic loading rate of the wetland. During rainy 
months stormwater caused influent volumes to be 96% higher with high variability in the 
hydraulic loading rate. During runoff events the high hydraulic loading rates led to 
significantly less nitrogen removal and, overall, nitrogen removal fluctuated dramatically. 
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The fluctuation was attributed to weak development of nitrifying biofilms and the poor 
growth of reeds in the wetland. Average removal efficiencies were 19.6% for total 
nitrogen and 16% for NH4-N, which were lower than other LECA wetlands operating 
under similar conditions, which had removal rates of 30-75%. 
Austin (2012) summarized results of other studies and recommended design 
specifications for bioretention facilities. The article referred to studies done in North 
Carolina that looked at media performance as a function of media, media depth, pollutant 
concentrations, and vegetation type. Although no reference is provided for this 
information, Austin states that what differentiates the best performing bioretention 
systems is using Carex appressa, which has deep and fine roots, as vegetation.  
Under different flow and media conditions, systems with Carex appressa removed 93% 
of ammonium, 85-96% of nitrite and nitrate, 71-79% of total nitrogen, 93-96% total 
phosphorus, and 87-98% particulate phosphorus. Lessons learned from this work, Austin 
states, are to use sandy loam soil, avoid compost or mulch in the media (it leaches 
phosphorus), and to use plants that are known to remove ammonia and nitrate at high 
rates. It was also noted that some plants increase total nitrogen and species of nitrogen. 
Austin goes on to state recommended design criteria, which include: 
• Area of bioretention basins are typically 5-8% of watershed area 
• Maximum width = 7.7 m (25 ft) (based on limits of excavation equipment that 
may compact soil and reduce infiltration). Although it was noted that the width 
could be increased by ripping the soil after construction or installing boreholes 
• Basin should be able to temporarily store 75% of the water quality storm 
• Max depths should be 15-46 cm (6-18 in), but may be deeper for high infiltration 
rate soils 
• Pond depth should infiltrate at 2.5 cm/hr (1 in/hr) 
• Media should be at least 76 cm (30 in) deep to optimize nitrogen and phosphorus 
removal 
• The surface should be covered with mulch if hydrocarbons are targeted for 
removal 
• When infiltration rates are less than 1.3 cm/hr (0.5 in/hr), underdrains are 
recommended 
• Media containing compost should be used with caution because it can increase 
phosphorus and N in effluent 
• Silt and clay content in media should be limited to no more than 7%. 
Stormwater treatment practices such as wet ponds, dry ponds, infiltration practices and 
filtration practices have fluctuating water levels that cause the soils to be wetted then 
dried in a cyclic fashion. This causes the soils to be aerobic (dry) and anaerobic (when 
wet) over both space and time. Such cycling allows denitrification (an anaerobic process) 
and nitrification (an aerobic process) to occur simultaneously or in close proximity.  
Bettez and Groffman (2012) compared denitrification potential in various stormwater 
treatment practices (i.e., shallow marsh, wet pond, dry pond, infiltration practice, and 
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filtration practice) to two riparian areas (one forested and one herbaceous) by measuring 
denitrification enzyme assays (DEA) and variables that influence DEA such as soil 
moisture, soil organic matter content, soil inorganic N levels, microbial biomass carbon 
and N, microbial respiration, etc. 
The authors sampled 12 stormwater practices and six riparian areas outside of Baltimore, 
MD USA. Potential denitrification (DEA) was significantly higher in stormwater 
treatment practices (1.2 mg N/kg-hr) than in riparian areas (0.4 mg N/kg-hr) as shown in 
Figure 1-4A. The ratio of DEA to microbial biomass carbon (c) was also higher in 
stormwater structures (Figure 1-4B) and nitrate concentrations were lower in stormwater 
treatment systems (Figure 1-4C). While N removal by stormwater structures varies from 
site-to-site and study-to-study, this study shows that there is potential for nitrate removal 
in conventional stormwater treatment practices. 
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Figure 1-4. A) Potential denitrification, B) Ratio of DEA:microbial biomass C, C) Nitrate 
concentration in stormwater treatment practices (SCM) and natural riparian areas (Bettez and 
Groffman 2012). 
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Brown and Hunt (2011) constructed a shallow (0.6 meter or 2 ft media depth) and a deep 
(0.9 meter or 3 ft) media depth) bioretention cell and monitored them for one year. Due to 
design and construction errors the cells were undersized with the shallow cell holding 
only 28% of the intended design volume and the deep cell holding 35% of the intended 
design volume.  
Estimated total nitrogen and total phosphorus pollutant load reduction was 21% and 10%, 
respectively, for the 0.6 m (2 ft) deep cell and 19% and 44%, respectively for the 0.9 m (3 
ft) deep cell. 
The main reason for load reduction was the decrease in runoff volumes through 
infiltration. The deep cell had much higher concentrations of nitrogen than the shallow 
cell yet had about the same percent removal because its total export volume was less. 
Also total nitrogen EMC’s increased from inflow to outflow and ortho- and total 
phosphorus remained about the same. 
Milandri et al. (2012) investigated the performance of nine plant species (Table 1-12) to 
remove orthophosphate, ammonia, and nitrate from to different solutions of synthetic 
stormwater (Table 1-13). Plant species were individually planted in cells constructed of 
15 cm (5.9 in) diameter, 50 cm (19.7 in) long PVC pipe filled with Malmesbury shale 
soil. The cells were fitted with perforated drain tiles that collected the water that filtered 
through the media. The cells were regularly irrigated; one-third of the cells containing 
each plant species received regular doses of tap water, one-third received regular doses of 
a one synthetic stormwater solution (S1) and the remaining one-third received dosages of 
a second synthetic stormwater (S2). 
Table 1-12. Plants tested by Milandri et al. (2012). 
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Table 1-13. Synthetic stormwater contaminant concentrations used by Milandri et al. (2012). S1 = 
synthetic stormwater 1, S2 = synthetic stormwater 2. 
 
Effluent was collected from each cell and analyzed for contaminant concentrations. All 
species (excluding Ficinia) reduced the average concentration of PO4-3 by 81% and NH3 
by 90%. NO3- was reduced by an average of 69% (excluding Elegia and Phragmites) 
with 8 of the 9 species removing significantly more than the control. The species that 
performed well for all three contaminants investigated were Agapanthus, Stenotaphrum, 
and Pennisetum, the latter two of which are turf grasses. The authors concluded that 1) A 
significant fraction of the nutrients investigated can be retained by plants, 2) The soil is 
an important factor in the removal of PO43- and NH+, and 3) Plant selection is critically 
important to optimize removal of NO31-.  
A two stormwater treatment practice treatment train consisting of pervious concrete 
followed by a bioretention cell was monitored for 17 months by Brown et al. (2012). The 
pervious concrete parking lot was 0.53 ha (1.3 acre) in area and was designed to treat 2.5 
cm (1 inch) of runoff including that from a nearby 0.36 ha (0.89 acre) parking lot. The 
pervious concrete was designed with a gravel sub-base that acted as a storage basin. The 
bioretention cell, which was 0.05 ha (0.12 acre) in area with a media depth of 0.46 m (1.5 
feet) and received runoff from the pervious concrete, was located in an area with a high 
water table.  
Eighty rainfall/runoff events were monitored with only 33 events generating outflow. A 
high volume reduction (69%) resulted in high total nitrogen and total phosphorus 
reductions of 49% and 51%, respectively. When baseflow was incorporated into the load 
calculations, however, the total nitrogen export from the bioretention cell was 64% higher 
than the load in the runoff. This was attributed to the presence of nitrite and nitrate in the 
groundwater. 
Chen et al. (2013) investigated biological processes of ammonia and nitrate removal in a 
5-year-old bioretention system with low infiltration capacity soils and long drainage 
times. The system removed 33% of nitrate in the influent and 56% of the influent total 
nitrogen. 
Soil cores from the site were analyzed for 16S rDNA and nitrification and denitrification 
genes. Both nitrification and denitrification genes decreased with depth and corresponded 
to similar changes in 16S rDNA. The rDNA and nitrification and denitrification genes 
correlated with changes in the soil due to breakdown of detrital material. These may 
increase over time as the soil surface of the system accumulates organic carbon. 
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Media saturation time also affected the establishment of denitrification. The longer the 
soil is saturated, the greater the periods of anoxia. It was hypothesized that there is a 
threshold saturation time required for the onset of significant denitrification. 
The amount of denitrification genes correlated with the average inundation time at each 
sampling location. Results indicated that both nitrification and denitrification can occur in 
the media of bioretention systems. Finally, the deeper soils had less denitrifier genes and 
less overall bacteria. This suggests that saturated zones will only have denitrifying 
capability if the soil has favorable conditions such as pH and organic carbon for bacterial 
growth. Thus, in some cases, additional organic carbon may need to be added if 
denitrification is desired. 
In a different study, six, 15 cm (5.9 in) diameter bioretention columns were operated in 
an intermittently wetted fashion by Cho et al. (2009). The columns had a mulch layer on 
top, underneath the mulch was a coarse soil layer, and a fine soil layer was on the bottom. 
The coarse soil layer had a high infiltration rate and the fine layer had a high percentage 
of silts and clays for adsorption and biodegradation.  
The effect of soil texture on infiltration rate and removal of inorganic nitrogen was 
investigated. The infiltration rate decreased significantly when the uniformity coefficient 
of the soil was greater than four. Ammonium in synthetic runoff was adsorbed to the soil 
during the infiltration process and later was removed by nitrification during the dry 
periods.  
Nitrate leaching (i.e., washout) was due to the generation of nitrate during nitrification 
that occurred during dry periods. The silt/clay content determined the ammonium 
adsorption efficiency and soil water content, factors that affect nitrate generation and 
degradation. If the silt/clay content of the coarse layer was greater than 3%, stable 
ammonium adsorption occurred. An increase in silt/clay content, however, decreased 
permeability and significantly reduced the removal capacity based on nitrogen loading. 
Also, wash out of nitrate became severe as the silt/clay content of the coarse layer 
increased. It appeared that denitrification occurred in the fine layer when the silt/clay 
content was near 10%.  
The effects of antecedent dry days (ADD) on nitrogen removal efficiency in soil 
infiltration systems was investigated by Cho et al. (2011) using lab-scale columns. 
Column type one (C1) contained a loamy soil and column type two (C2) a sandy soil. 
Both types of columns contained a layer of mulch on top and a layer of fine soil (89.9% 
sand, 9.0% silt, 1.1% clay) on the bottom. Synthetic stormwater was input to the columns 
and the dry time between experiments varied sequentially from 5 to 10 to 20 days. 
Results showed significant effects from the ADD on both column types. 
As ADD increased, effluent contained more and more ammonium and less and less 
organic nitrogen. When the ADD was 5 days or less, nitrification using dissolved oxygen 
in the influent was dominant in ammonification and denitrification, which resulted in 
washout of nitrate from C1.  
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An increase in ammonium concentration and nitrate washout existed for an ADD less 
than 20 days. When this occurred, the declining soil water and reaeration helped to 
generate ammonium and nitrate. The sandy soil of column C2 prevented significant 
nitrification from occurring in the mulch and sandy soil layers and the denitrification in 
the fine soil layer significantly reduced nitrates. The authors concluded that the soil 
configuration of an infiltration system should be determined by considering rainfall 
frequency and nitrogen composition if removal of nitrogen/nitrates is desired. 
Faucette et al. (2008) assessed the performance of a silt fence, a compost filter sock, and 
a compost filter sock with added polymers for soluble phosphorus removal (among other 
contaminants such as TSS, total phosphorus, turbidity, etc.) under laboratory conditions.  
Soluble phosphorus concentrations and load removal efficiencies of the silt fence and 
compost filter sock were similar. Filter socks reduced soluble phosphorus between 14% 
and 27%, the silt fence reduced soluble phosphorus by 23%, and the filter socks with 
polymers reduced soluble phosphorus concentrations 92 to 99% which corresponded to 
93% to 99% of the soluble phosphorus mass load. 
Hatt et al. (2007a) investigated the effectiveness of a gravel filter (median size = 1.05 cm 
or 0.41 inch) for several contaminants including NH4 and NOx. While the filter was 
effective at removing TSS and particle bound pollutants, it was generally not effective at 
removing the dissolved nutrients that were investigated. 
Hatt et al. (2007b) assessed the impact of various wetting and drying cycles on the 
performance of non-vegetated, soil-based filters. Six different soil types were 
investigated, 1) sand, 2) sandy loam, 3) sandy loam/hydrocell mix, 4) sandy 
loam/vermiculite/perlite mix, 5) sandy loam/compost/light mulch mix, 6) sandy 
loam/compost/light mulch/charcoal mix. For all filter mixes the effluent phosphorus 
concentrations were always higher than the influent concentrations and the effluent 
phosphorus was always more than 86% dissolved phosphorus. The same was true for 
nitrogen with the dissolved fraction in the effluent always being greater than 92% of the 
total N. The concentrations of N in the outflow, however, were always higher after 
extended dry periods with the relationship between effluent N and the number of dry days 
being strongly linear. 
In Hatt et al. (2008) the authors reported that the primary cause of reduced infiltration 
capability of the filters was due to the formation of a clogging layer on the surface of the 
filter. As a maintenance activity, the authors recommend scraping off the top 2-5 cm (0.8-
2 in) of a filter every two years. This activity would also remove metals that have 
accumulated in the top levels of the filter. 
Hsieh and Davis (2005) investigated eighteen laboratory columns and six existing 
bioretention systems in the field for contaminant removal using synthetic stormwater. 
Poor removal was observed for nitrate (1 to 43%) and for ammonium (2 to 49%).  
Based on results, the authors proposed two media mix designs. Both designs consisted of 
a mix of sandy loam soil and sand and the authors state that at least ~9% of nitrates are 
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expected to be removed and at least ~20% of ammonium is expected to be removed with 
the proposed media designs. To increase nitrate removal the authors state that an 
additional media layer in which denitrification will occur is necessary.  
In Kim et al. (2003) the removal of nitrate from stormwater by bioretention systems was 
investigated. The study found that providing a continually submerged zone can promote 
denitrification and that newspaper was the best performing solid-phase electron donor of 
all materials tested (alfalfa, leaf mulch compost, sawdust, wheat straw, wood chips, 
elemental sulfur were also tested). Using results of lab studies, a pilot-scale 
demonstration system was tested. Results indicated that removal of nitrite and nitrate 
loads of up to 80% are possible. The demonstration study consisted of a box filled with 
36 cm (14 in) of media as shown in Figure 1-5. In this unit 75 kg (165 lb) of dried sand 
was mixed with 1284 g (2.8 lb) of newspaper and packed to a depth of 18 cm (7 in). The 
impermeable plastic liner that covered part of the sand surface was overlaid with a loamy 
sand soil. 
In Liu et al. (2009) a volumetric clarifying filter (VCF) which consisted of an 
underground vault containing a series of filter cartridges with an engineered AOCM 
media (not defined) was monitored for 19 runoff events. It was observed that nitrate 
concentrations in the water decreased due to denitrification and ammonia nitrogen 
increased (with an increase in NH3). Phosphorus partitioning between aqueous and solid 
phases remained stable. 
 
Figure 1-5. Pilot-scale bioretention design a) cross-section view of A-A’, b) side view 
Thirty, 240 L bioretention systems were dosed with synthetic wastewater by Lucas and 
Greenway (2008) and investigated for nutrient retention. Ten of the systems were 
comprised of 80 cm (31.5 in) sandy loam, another ten were comprised of 80 cm (31.5 in) 
loamy sand, and ten of pea gravel with 20 cm (7.9 in) of loamy sand. Half were vegetated 
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with shrubs/grasses, while the other half had no vegetation. In one part of the study the 
loam and sand systems were dosed with synthetic runoff with 0.8 mg/L total phosphorus, 
and 4.8 mg/L total nitrogen. Total phosphorus retention in the vegetated loam system was 
91% compared to 73% in the non-vegetated system. With regards to nitrogen, total 
nitrogen retention was 81% in the vegetated system compared to 41% in the non-
vegetated system. Total phosphorus retention was 86–88% in the sand treatments, while 
total nitrogen retention in the vegetated sand was 64%, compared to 30% in the barren. 
In another part of the study, all 30 systems were loaded weekly with 45 cm (17.7 in) of 
tertiary wastewater treatment plant effluent with high nutrient loads. Specifically, the 
hydraulic loading rate was 22.3 m/yr (73 ft/yr) at a flow-weighted average of 4.5 mg/L 
total phosphorus and 4.8 mg/L total nitrogen. After 50 weeks of loading, cumulative total 
phosphorus retention was 92% in the vegetated loam, 67% in the sand, and 44% in the 
vegetated gravel. Total phosphorus retention by non-vegetated media, however, was 56% 
in the loam, 39% in the sand, and 14% in the gravel. Cumulative total nitrogen retention 
was 76% in the vegetated loam, 51% in the sand, and 40% in the vegetated gravel. In 
contrast, maximum total nitrogen removal in non-vegetative systems was 18% in the 
loam. The increase in total phosphorus retention by vegetated systems substantially 
exceeds phosphorus uptake rates for plants, suggesting that other processes are involved. 
The increase in total nitrogen retention by vegetated systems also exceeds nitrogen 
uptake rates for plants, suggesting that denitrification is involved. Finally, the vegetated 
systems achieve NOx removal from 47% (sand) to 97% (loam) while the non-vegetated 
systems were found to release more NOx than was input into the system. 
Using the same or similar containers, media with different hydraulic conductivities were 
tested by Lucas and Greenway (2011b). The authors also investigated the effect of outlet 
height by having one of the systems with a free draining outlet and the others with 
elevated outlets to control outflow.  
The systems were dosed weekly for one year with 56 cm (22 inch) of tertiary treated 
wastewater plant effluent (averaging 2.47 mg/L NOx and 4.67 mg/L total nitrogen) and 
were later dosed six times with 53 cm (21 inch) of synthetic stormwater (0.77 mg/L NOx 
and 1.46 mg/L total nitrogen).  
NOx and total nitrogen retention by the systems with regulated outlets was significantly 
higher than the free draining system. Outlet regulated systems retained 68% NOx and 
60% total nitrogen while the free draining system retained 25% and 27%, respectively. 
During the winter the regulated outlet systems retained 50% NOx and 73% total nitrogen 
while the free draining system retained ~58% NOx and 50% total nitrogen. 
At typical stormwater concentrations the outlet regulated systems retained over 80% NOx 
with outlet concentrations at or close to detection limits (0.05 mg/L). With concentrations 
of 1.2 mg/L applied at high flow rates NOx removal was from 68% to 86%. Increasing 
retention time from less than one hour to several hours resulted in 2.7 times the NOx 
retention. Overall, vegetation was found to increase nitrogen removal. 
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A 3.1 ha (7.7 acre) wetland in which 0.77 ha (1.9 acre) was open water was constructed 
to receive runoff from a 238 ha (589 ac) mixed urban/suburban watershed with 19% 
impervious area. The main goal of the wetland, which was designed to treat the first 2.5 
cm (1 in) of rainfall, was to reduce nutrient loadings to a nearby creek. 
Mallin et al. (2012) monitored the wetland for eight storm events and observed that over 
90% of ammonium and orthophosphate loads were retained in the wetland. 
Orthophosphate concentrations leaving the wetland were low at all times but removal of 
nitrate varied with season. There were lower nitrate removal rates in the winter but over 
90% retention when temperatures were above 15o C. Average reductions in mass load 
were 43% for nitrate and 72% for ammonium. The wetland also retained or removed (as 
stated by the authors) 50-75% of the flow volume so some of the load reduction could be 
due to volume reduction. 
O'Reilly et al. (2012) amended the soil of an infiltration basin with a biosorption 
activated media (BAM) that consisted of a 1.0:1.9:4.1 mixture by volume of tire crumbs 
(to increase sorption capacity), silt and clay (to increase retained soil moisture), and sand 
(to promote infiltration). The intent of BAM amended soils was to reduce nitrogen and 
phosphorus loading to the groundwater below the basin.  
The basin received runoff from a mostly residential 23-ha (57-acre) watershed. When 
BAM was added to the soil the basin was also divided into two approximately equally 
sized basins that were separated by a dike. Runoff first flowed into a nutrient reduction 
basin that, due to its smaller size than the original basin, remained wet for longer 
durations. These longer saturation times helped to promote anoxic conditions in the soil 
water that in turn enhanced denitrification. 
Before the addition of BAM, shallow groundwater nitrate concentrations were mostly 
influenced by nitrification and nitrate input. The BAM amended basin, however, mostly 
showed minor nitrification and nitrate losses (except for one sample). Primary losses 
were attributed to denitrification, which was most likely occurring intermittently in 
anoxic microsites in the unsaturated zone. This process was enhanced by the increase in 
soil moisture within the BAM layer. Finally, concentrations of total dissolved phosphorus 
and orthophosphate were reduced by more than 70% in unsaturated zone soil water, with 
the largest decreases in the BAM layer where sorption was the most likely mechanism for 
removal.  
Passeport et al. (2009) investigated the nutrient retention performance of two bioretention 
systems that received runoff from a 0.69 ha (1.7 acre) watershed. The bioretention area 
was about 3.2% of the watershed area. The media was 0.6 meters (2 ft) deep in the north 
cell and 0.9 meters (3 ft) deep in the south cell. The media in each cell consisted of 80% 
expanded slate fines, 15% sand, and 5% yard waste/organic matter. The outlet pipe on the 
systems was turned up so that each cell contained a saturated storage zone in all but the 
top 0.3 meters (1 ft) of the media.  
Outflow rates were recorded for 16 runoff events in the north system and 13 in the south 
system. Three storm events had outflow volumes higher than inflow volumes, which may 
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have been caused by overflowing of the forebay and a corresponding under estimation of 
the inflow volume (i.e., flow may have bypassed the flow rate measurement location).  
Ammonia load reduction rates were 78% and 88% for the north and south systems, 
respectively. Ammonia reduction was attributed to bacterial activity and nitrification, 
which likely occurred in the top 0.3 meters (1 ft) of media. TKN reductions were 48% 
and 68% for the north and south systems, respectively.  
Nitrate/Nitrite removal rates with respect to EMCs were about 33% for the north system 
and only 8% for the south system. The higher removal rate for the north cell could have 
been due to in situ loamy clay soil that would retain more water, which could lead to 
anoxic conditions. 
Orthophosphate concentrations were reduced 78% and 74% for the north and south 
systems, respectively. During fall and winter conditions, orthophosphate concentrations 
increased by up to 50% but, due to large volume reductions, orthophosphate loads were 
reduced during this time by 41% and 67%, respectively. 
The authors concluded that bioretention systems with low organic content have the ability 
to significantly reduce nutrient loading and, due to their low organic content, are less 
likely to generate additional nutrient loading. 
A column study by Smith (2008) investigated nitrate removal rates in a passive biological 
filtration system. The filter media consisted of a 50:50 (by volume) mixture of Filtralite P 
(an ion exchange media) and elemental sulfur pastille, which acted as an electron donor. 
Filtralite P is a lightweight expanded clay aggregate of 0.5–4 mm (0.02-0.16 inch) 
particle size, an effective porosity of 40%, particle porosity of 68%, and saturated 
hydraulic conductivity of 100 m/day (328 ft/day). Elemental sulfur pastille consists of 
elemental sulfur rotoformed into a pastille, “split pea” shape, of 4 mm (0.16 inch) 
diameter and 2 mm (0.08 inch) thickness. 
The ion exchange adsorption retains ionic nitrogen species during runoff events when 
flow rates are high and when the biological processing rate could not keep up with the 
high nitrogen mass loading. Afterwards, nitrogen retained in the media during the event 
is released from the media by reversible desorption and metabolized by microorganisms, 
which regenerates sorption sites. 
Nitrate reduction was 98% with a steady flow rate operation at a 30 minute residence 
time and 2.1 mg/L as NO3–N influent concentration. Step increases in flow rate by 
factors of 5.2, 11, and 25 resulted in maximum effluent NO3–N of 0.93, 1.54, and 1.87 
mg/L, respectively. Substantial nitrate breakthrough occurred even when effluent 
dissolved oxygen remained close to zero. 
Smith (2011) also performed a pilot scale test using ammonia dosed pond water to 
determine the nitrogen removal performance of a biofilter with zeolite-based media. 
Zeolite has three characteristics that are advantageous to nitrogen removal, 1) it can 
provide a surface to which nitrifying microorganisms can attach, 2) it has ion exchange 
capability that can retain nitrogen, and 3) it has a high capacity to retain water which can 
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offset the negative impact wetting and drying cycles may have on bacteria. Zeolites are 
also relatively low cost. 
Under steady-flow operation the zeolite biofilter removed 93% of ammonium compared 
to a sand filter that removed 87%. Total inorganic nitrogen was removed at 35% by the 
zeolite filter compared to 15% by the sand filter. A rainfall runoff event was simulated 
after the steady flow test. In this test, 97% of ammonia mass load was retained by the 
zeolite filter (70% for sand). Also, after a 40-day dry period, the zeolite filter removed 
98% of the influent ammonium during a simulated runoff event with a loading rate of 128 
L/m2-min (3.13 g/ft2-min). Finally, when influent and effluent DO concentrations were 
less than 0.5 mg/L, the NH4 - N concentrations rose to only 12% of the influent value. 
The increased removal rates were attributed to ion exchange processes that retained 
ammonia within the biofilter and allowed bacteria to break down the ammonia. 
Finally, Erickson et al. (2007) has shown that iron particles mixed with typical sand filter 
media at approximately 5% by weight has the ability to retain greater than 80% of the 
dissolved phosphorus load in the filtered stormwater. In this work, chopped granular steel 
wool was used for the iron source but more recently iron shavings have been used in field 
applications (Erickson et al. 2012) due to their lower cost. Monitoring of field application 
has confirmed that the iron-enhanced sand filter can retain 80% of dissolved phosphorus 
load. This process will be discussed in more detail later in this document during a 
discussion regarding enhancing agents for phosphorus removal. 
1.2.5. Studies Investigating Both Metal and Nutrient Removal 
Some studies have investigated the performance of stormwater treatment practices with 
respect to the removal of both metals and nutrients. Rather than dividing the content of 
those studies and presenting reviews in both of the previous two sections, the studies, and 
the results for both metals and nutrients, are presented together in this section. 
In a general model study, mass first flush ratios were developed from data and used in a 
model simulation to determine the impact of treating first flush on stormwater treatment 
practice performance regarding pollution retention (Kayhanian and Stenstrom 2005). It 
was shown that for most contaminants, a stormwater treatment practice that captures the 
first 20% of the stormwater runoff and bypasses the remaining volume can be two or 
more times as effective than a practice that captures 20% of the runoff volume throughout 
the entire runoff event. 
Birch et al. (2005) monitored a 31 m by 11 to 16 m (102 ft by 36 ft to 52 ft) wide 
stormwater infiltration basin designed for a 4 cm (1.6 in) rainfall event for 9 storms to 
determine the performance of the system with respect to the retention of metals, nitrogen, 
and phosphorus among other contaminants. The basin media consisted of a mixture of 
zeolite and coarse, pure quartzitic sand with a diameter of 2 mm (0.008 in). The zeolite, 
which had a cation exchange capacity of 550 meq/kg, was mixed in with the sand at a 1:6 
ratio (the paper did not specify if the ratio was by weight or volume).  
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Mean removal for total phosphorus and TKN was 51 and 65%, respectively. Mean 
copper, lead, and zinc removal was 68%, 93%, and 52%, respectively but these were total 
concentrations, not dissolved. Removal of chromium, iron, manganese, and nickel were 
more variable as outflow concentrations were often higher than inflow concentrations, 
possibly due to leaching of the clay minerals. 
Chapman and Horner (2010) monitored a street side bioretention facility in Seattle, WA 
for over 2.5 years. During that time 48% to 74% of the runoff volume was reduced 
through infiltration and evaporation. The system drained runoff along 4 city blocks (275 
meters horizontally and a 16 m vertical drop) and consisted of 12 stair-stepped cells. The 
top 5-8 cm (2-3.1 in) of each cell consist of gravel with a 20 cm (7.9 in) deep mix of soil 
(30% organic compost, 70% gravelly sand by volume) below the gravel. On the very 
bottom was 6-mm diameter bank-run gravel and a filter fabric lining. The system had no 
underdrains, thus only surface flow leaving the system was sampled.  
During the monitoring period that lasted three rainy seasons and two dry seasons, 26 
composite samples were taken at the inlet. These samples represented 42% of the total 
influent volume. Fourteen composite samples were taken at the outlet, representing 38% 
of the total outflow volume. The sampled storms covered a wide range of rainfall depths, 
intensities, and antecedent wetness conditions. Dissolved copper, lead, and zinc in the 
inlet samples were 3.6 µg/L, <1 µg/L, and 49 µg/L, respectively. At the outlet they were 
2.9 µg/L, <1 µg/L, and 26 µg/L, respectively. Thus, percent reductions in EMC’s were 
19% and 47% for copper and zinc, respectively (lead uncalculated). Estimates of the 
percent reduction in mass loads were at least 58% and 72% for copper and zinc, 
respectively. If adjustments are made to the total inflow volume to represent the inflow 
that was not sampled, the percent mass load removals increase to 79% 86% for copper 
and zinc, respectively. 
Soluble reactive phosphorus EMCs at the inlet and outlet were 13 µg/L and 36 µg/L, 
respectively, which indicates that phosphorus was released in the cells. The total mass 
load reduction of soluble reactive phosphorus (SRP) was estimated to be negative 44% 
based on the sampled influent volume and positive 28% based on the total influent 
volume. 
Two bioretention systems with approximate media depths of 0.6 meters (2 ft) were 
constructed and tested by Dietz and Clausen (2005) for total phosphorus, total Kjeldahl 
nitrogen (TKN), NH3-N, NO3-N, lead, copper, and zinc removal. The two systems were 
constructed according to the Prince George’s County design manual using the native 
loamy soil at the site. For sampling collection purposes, an impermeable liner was added 
to the systems so that infiltrating water would be collected by drain tiles and not infiltrate 
into the surrounding soil. Also, each system was topped with 5 cm (2 inch) of hardwood 
bark mulch and shrubs.  
Many copper, lead, and zinc influent samples were below detection limits so performance 
of the systems with respect to removal of these metals could not be determined. Mass 
retained for other contaminants were NO3 (35.4%), NH3 (84.6%), TKN (31.2%), total 
phosphorus (-110.6%), total nitrogen (32.0%), and organic nitrogen (21.3%). 
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In Dietz and Clausen (2006) the same two bioretention systems were investigated for the 
impact a saturation zone within the bioretention media has on retention rates. Results 
indicated that effluent total nitrogen decreased by 18% due to the saturation. No 
conclusions on the impact the saturation zone had on NH3-N removal could be made 
because of the large number of samples with concentrations below the detection limit. 
Three bioretention systems were monitored by Hatt et al. (2009) to determine their 
impact on pollutant removal. One of the systems was a three-cell system with different 
media in each cell (1. Sandy loam, 2. 80% Sandy loam, 10% vermiculite, 10% perlite, 3. 
80% Sandy loam, 10% compost, 10% hardwood mulch). The media of the second system 
was vegetated sandy loam and the third system was a layered system consisting of, from 
top to bottom, hardwood mulch, sandy loam, sand, and a gravel drainage layer. All three 
systems received runoff from parking areas and/or roadways.  
Seven to fourteen storm events were monitored. All systems retained over 90% of the 
total metal (copper, manganese, lead, zinc) load but dissolved metal fractions were not 
reported. All systems had higher phosphorus concentration in the effluent than in the 
influent and effluent concentrations were larger for larger flows. Concentrations of all 
forms of nitrogen (total nitrogen, NOx, NH4+, dissolved organic nitrogen, particulate 
organic nitrogen (PON)) were mostly unchanged by the systems. 
The mean NOx load reduction was negative but some load reduction was observed (33-
78%) from January to April during the Australia’s warmer months, which suggests that 
greater denitrification was occurring during these months.  
One system showed a significant increase in nitrogen retention when Dianella spp. was 
replaced with C. appressa, which supports the notion that the type of vegetation 
significantly impacts nitrogen removal. 
The authors recommend using low organic content media to limit leaching of phosphorus 
and N into the effluent of bioretention systems and choosing the most appropriate plant 
species for the targeted nutrients.  
Hunt et al. (2006) also monitored the performance of three bioretention systems with 
respect to nutrient removal and total metals. All systems were on clayey soil with 
relatively low permeability and, thus, included underdrains. The outlet pipe of one of the 
systems included an upturned elbow, which created a 0.45-meter (1.5-ft) deep saturated 
zone at the bottom of the system. The intent of the saturated zone was to determine if the 
corresponding reduced (anaerobic) environment would allow the denitrification of NO3 to 
nitrogen gas. Results on the impact of this arrangement were inconclusive because 
nitrogen concentrations were not statistically different from the other cells and one of the 
conventionally drained systems was found to have saturated and possibly anaerobic 
zones. 
The two conventionally drained systems removed 40% of the total nitrogen load of the 
stormwater entering the system. One conventionally drained system removed 13% of the 
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NO3-N load but another removed 75%, possibly due to the formation of an anaerobic 
zone. 
The removal of phosphorus was highly variable. Cells consisting of media with high 
phosphorus content increased phosphorus mass loads in the effluent by up to 240% and a 
system with low phosphorus content and high cation exchange capacity achieved 65% 
removal. Thus, the authors recommended low phosphorus content, high cation exchange 
capacity media if phosphorus removal is desired. 
Outflow nutrient concentrations were usually higher than inflow concentrations with any 
reduction in mass load being attributed to a reduction in runoff volume.  
Although dissolved metal concentrations were not determined, significant reduction in 
total metal concentrations were observed and were also primarily due to a reduction in 
runoff volume. 
Zinger et al. (2013) also studied the effect of a saturated zone on the nitrogen removal 
efficiency of bioretention systems using 37.5 cm (14.8 in) diameter columns that were 
130 cm (51.2 in) in height. Fifteen columns were divided into three groups of five 
replicates. Each group of five was planted with a different plant species (Blueberry lily, 
Weeping grass, and Tall Sedge). The Blueberry lily and Weeping grass were chosen 
because they are known to have poor nitrogen removal ability. The Tall Sedge was 
chosen as a control of sorts, as it is known to have high nitrogen removal efficiencies 
even without a saturated zone. The media in the columns consisted of 69 cm (27.2 in) of 
sandy loam soil, a 14 cm (5.5 in) deep sand transition layer, and a 7 cm (2.8 in) deep 
gravel layer containing a perforated drainage pipe. 
After the vegetation became established, the columns were dosed with synthetic 
stormwater (Table 1-14) twice a week for one year with the water being allowed to drain 
freely through the system. The weeping grass and tall sedge was dosed with 50 L (12.9 
gal) each time and the Blueberry lily with only 25 L (6.5 gal) because it typically is 
adapted to drier conditions than the other two species. After this process continued for 12 
months, the columns were modified so that they had a 45 cm (17.7 in) deep saturated 
zone and the dosing continued for 5 months.  
After modifying the columns to contain a saturated zone, NOx removal increased, on 
average, by 370% for the Blueberry lily and 180% for the Weeping Grass. While this 
increased nitrogen removal, total phosphorus removal decreased after the columns were 
modified to contain a saturated zone. This was likely due to organic matter in the media. 
The authors determined that metal removal was essentially not affected by the saturated 
zone. 
Porous asphalt and concrete surfaces have also been investigated for metal and nutrient 
reductions. In one study, Dreelin et al. (2006) compared the performance of a porous 
paver parking lot and an asphalt parking lot with regards to contaminant removal. The 
porous paver lot consisted of a plastic matrix filled with sand and planted with grass on 
top of a 25 cm (10 inch) gravel base and under drain system on top of a clay soil. In 
Enhanced Filter Media for Removal of Dissolved Contaminants from Stormwater 
Final Report – September 2014 
 1-45 
seven of the nine monitored events, metal and nutrient concentrations in the influent were 
below detection limits. During the two events in which this was not the case, zinc 
concentrations in runoff were 0.1 mg/L from the porous lot and 0.05 mg/L from the 
asphalt lot. Total phosphorus concentrations were 0.46 mg/L from the asphalt lot and 
0.41 mg/L from the porous lot. Nitrogen concentrations were higher on the porous lot 
(2.96 mg/L on asphalt and 5.17 mg/L on the porous lot). Cadmium, copper, and 
chromium were not detected in any runoff from any runoff event.  
Table 1-14. Composition of synthetic stormwater used by Zinger et al. (2013). 
 
Welker et al. (2012) compared side-by-side plots of permeable asphalt and permeable 
concrete for retention of metals and nutrients (and other water quality parameters). The 
study spanned one year and 19 storm events. There was no statistical difference in 
nutrient and metal concentrations in the runoff leaving the two kinds of pervious 
pavements. As with at least one other referenced study, the amount of nitrogen in the 
native soil was higher than the concentration of the runoff leaving the permeable 
pavements. For both pavements there was no statistical difference between phosphorus 
concentrations in the runoff entering and exiting the pavement. 
Fuerhacker et al. (2011) investigated a stormwater filtration system that treated runoff 
from a 4.22-ha (10.4-acre) watershed including a 1.22-ha (3.0-acre) paved parking lot. 
During the 18-month monitoring period eleven runoff events were sampled. The 
treatment systems consisted of a pretreatment sedimentation chamber followed by a filter 
unit with three filter chambers with various mixtures of composite (not defined), 
vermiculite, and zeolite in the first two chambers and these same materials plus granular 
activated carbon in the third chamber. Total media thickness was 36 cm (14 inch) and a 
geotextile material separated each layer.  
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• Influent NH4-N concentrations ranged from 0.73 to 17 mg/L and mean effluent 
concentrations ranged from 0.19 to 3.9 mg/L with the overall estimated mean 
average removal to be 71%. 
• Dissolved copper influent concentrations ranged from 11 to 352 µg/L with mean 
and median values of 129 and 135 µg/L, respectively. Dissolved copper in the 
effluent ranged from 12.3 to 56 µg/L with a mean of 35 µg/L.  
• Dissolved zinc concentrations ranged from below detection limits to 494 µg/L 
with mean and median values of 182 and 115 µg/L, respectively. Effluent 
dissolved zinc concentrations ranged from below detection limits to 202 µg/L 
with a mean of 56 µg/L.  
• Dissolved copper removal efficiencies ranged from 71 to 77% (mean of 73%) and 
for dissolved zinc removal efficiencies were from 64 to 76% (mean of 70%).  
Hatt et al. (2006) also investigated filters. In this study a laboratory column was used to 
investigate the effect of filter clogging on contaminant removal achieved by the filter. 
Configurations tested consisted either of a gravel layer on sandy loam soil or a gravel 
layer on sand. Removal of dissolved nitrogen and dissolved phosphorus was variable 
with little overall reduction except for ammonia, which had negative removal rates for all 
filters and nitrate/nitrite which was almost entirely removed by the sandy loam soil. 
Dissolved phosphorus also leached from the sandy loam soil. Finally, flow reduction due 
to clogging did not have any apparent effect on removal of TSS, total phosphorus, or total 
nitrogen. 
Swales also have the ability to reduce metal and nutrient loads in stormwater runoff. 
Ingvertsen et al. (2012a) assessed eight roadside swales in Germany that had been in 
operation from 6 to 16 years. The infiltration rate of three of the swales exceeded German 
regulatory limits (10-5 m/s or 1.4 in/hr) and the remaining swales exhibited infiltration 
rates of 10-6 m/s (0.14 in/hr). Six of the eight swales have soils with metal concentrations 
(cadmium, chromium, copper, lead, zinc were investigated) higher than regulatory limits 
for unpolluted soils (see Table 1-15 and Figure 1-6). The capacity of the soil for metal 
removal, however, was estimated to be from 13 to 136 years. 
 
Enhanced Filter Media for Removal of Dissolved Contaminants from Stormwater 
Final Report – September 2014 
 1-47 
Table 1-15. Danish (DK) and German (DE) soil pollution classes (Ingvertsen et al. 2012a). 
 
 
 
Figure 1-6. Total metal and phosphorus soil concentrations in three depth sections of eight swales 
(Ingvertsen et al. 2012a). 
In another study, Ingvertsen et al. (2012b) took soil cores of engineered media from two 
roadside swales that had been in operation for 13 years and tested them under controlled 
laboratory conditions to determine their performance with respect to metal and 
phosphorus removal. A tracer study was performed and a separate experiment using 
synthetic runoff and an unpolluted water source was performed to determine the medias 
capacity to retain metals and phosphorus.  
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Although tracer experiments indicated that preferential flow paths existed at high flow 
rates, removal rates for metals were cadmium (84-98%), copper (70-94%), zinc (88-
97%), and chromium (37-73%). Although removal rates were high, effluent 
concentrations often exceeded German regulatory limits for ground and surface waters 
(Table 1-16). Finally, metal ions and phosphorus were found to be mobile within the 
column and their mobility was strongly correlated to the mobility of dissolved organic 
carbon. 
In another investigation of swales a 10.4 m (34 ft) long, 2.4 m (7.9 ft) wide, 0.9 m (3 ft) 
deep bioswale with engineered soil and one tree planted in it received runoff from 8 
parking spaces (Xiao and McPherson 2011). To construct the bioswale about 28.3 m3 
(999 ft3) of native soil was excavated and replaced with engineered media. An adjacent 
control site with a tree but no bioswale also received runoff from 8 parking spaces at the 
site. The control site was identical to the site with the bioswale expect that no soil was 
removed and replaced with engineered media as was done with the bioswale. The soil of 
the control site was clay loam. 
The site with the bioswale reduced nitrogen loads by 97% and metal loads (zinc and iron) 
by 87%. No other metals were detected at the site due to relatively clean runoff and zinc 
was only detected in one of the 11 storms that generated runoff on the test site. Thus, the 
reduction in metal load was essentially due to iron reduction and to an overall runoff 
volume reduction of 88.8%. Reduction rates for dissolved metals and dissolved 
phosphorus and nitrates were not specifically reported and overall reduction rates for 
contaminant loads were approximately 95%. 
 
Table 1-16. Danish and European Union quality criteria for groundwater and surface water 
(Ingvertsen et al. 2012b). 
 
Three wet ponds in Denmark (one each in Odense, Aarhus, and Silkeborg) were modified 
by Istenic et al. (2012) in an attempt to increase removal of dissolved and particulate 
phosphorus and metals (among other contaminants). The ponds, which were originally 
designed to be 1.0 to 1.5 meters deep, were modified so that each had a sand filter planted 
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with P. australis at their outlets, each were planted with vegetation, and each included a 
different additional technology with the goal of further increasing contaminant removal.  
The Odense system had an additional fixed media sorption filter containing Oyta Shells 
(a natural product from deposits of oyster shell fossils in the North Sea) and smaller 
filters with granular olivine and Oyta Shells. 
The bottom sediment of the Aarhus system was enriched with iron by dosing it with iron 
sulfate in the water phase. 
The Silkeborg system had a flow proportional injection system that dosed influent with 
aluminum salts, which form aluminum hydroxide flocks that co-precipitate with 
phosphate and metals. 
Results for water quality parameters as a function of location within each facility are 
shown in Table 1-17 and Table 1-18. 
Table 1-17. Average water quality parameters with +/- one standard deviation in water samples 
taken from stormwater treatment systems (Istenic et al. 2012). 
 
Table 1-18. Average metal concentrations with +/- one standard deviation in water samples from 
stormwater treatment systems (Isteneic et al. 2012). 
 
The authors conclude that: 
1. Modifying existing wet detention ponds with additional technologies can increase 
the retention of dissolved and particulate contaminants, 
2. Stormwater treatment can be improved by enhancing sedimentation, 
3. The use of wetland vegetation in wet ponds is essential for enhanced water quality 
treatment, and 
4. Movement of metals from plant roots to plant stems was low. Thus there is little 
risk of the transfer of metals to above ground and surrounding areas by plant 
uptake. 
Some studies investigated vegetative filter strips for metal and nutrient removal. For 
example, four vegetative filter strips with level spreaders (LS-VSF) and a swale were 
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investigated for their ability to retain contaminants by monitoring natural rainfall events 
over an 8 month period by Knight et al. (2013). Two LS-VSF systems were 8m long by 6 
meters wide and two were 20 meters (66 ft) long by 6 meters (20 ft) wide. One LS-VSF 
of each size was dosed with a proprietary phosphorus sorptive aggregate (ViroPhos). The 
swale tested was 10.4 meters (34 ft) long and had a bottom width of 0.15 m (0.5 ft) and 
side slopes of 3h:1v.  
Contaminant removal performance is shown in Table 1-19. 
Table 1-19. Median pollutant concentrations and event mean concentrations (EMC) efficiencies for 
the level spreader - vegetated filter strips; SmUnAm = small unamended, LgUnAm = large 
unamended, SmAm = small amended, LgAm = large amended (Knight et al. 2013). 
 
The authors concluded that: 
1. Concentrations of total nitrogen could typically not be reduced when influent 
concentrations were less than 1 mg/L.  
2. All systems at least marginally reduced total nitrogen effluent concentrations with 
only the amended systems and the swale doing so significantly. 
3. The VSFs amended with ViroPhos outperformed the unamended VSFs. 
4. Orthophosphate became a major component of total phosphorus as the runoff 
traveled in the VSFs and swale. This was attributed to high soil phosphorus 
content or solubilizing from vegetation. 
5. Larger VSFs were more effective than the smaller VSFs. 
6. No significant difference was found between swale and VSF performance with 
regards to total nitrogen and total phosphorus mass load reduction despite the 
difference in volume reduction. 
Winston et al. (2011) also assessed level spreader vegetative filter strips during natural 
rainfall events for their performance regarding nitrogen and phosphorus removal (among 
other contaminants such as TSS) from stormwater runoff. Two sites and two filter strips 
of different lengths (7.6 m and 15.2 m or 24.9 ft and 49.9 ft) at each site were monitored. 
Both 15.2-m (49.9 ft) VFSs significantly reduced the concentrations of total Kjeldahl 
nitrogen (TKN), total nitrogen (TN), organic nitrogen (Org-N), and NH4-N (p < 0:05), 
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whereas results were mixed for the 7.6-m (24.9 ft) VFSs. In general, the longer VFSs 
performed better than the shorter ones. Mass loads of contaminants were significantly 
reduced due to infiltration. Vegetation type on the filter strip also impacted performance 
of the VFSs with respect to TSS as it was determined that as long as dense grass 
vegetation is established, LS-VFSs had similar TSS effluent concentrations to 
bioretention systems. 
 
1.3. Review of Potential Enhancing Agents for Dissolved Metal and 
Dissolved Nutrient Removal 
As Erickson et al. (2007, 2012) has demonstrated and as was previously discussed, 
adding iron particles to a typical stormwater sand filter can increase dissolved phosphorus 
retention rates significantly. Thus, it is possible that adding other enhancing agent(s) to a 
sand filter may increase retention rates of dissolved nitrogen, dissolved phosphorus, and 
dissolved metals or that other enhancing agents may also retain dissolved phosphorus. 
This section reviews studies that have investigated such potential enhancing agents. 
1.3.1. Potential Enhancing Agents for Dissolved Nitrogen Removal 
Collins et al. (2010) also reviewed other studies, one of which compared the ability of 
sand, sandy loam, and aggregate to remove nitrogen from aqueous solutions. It was 
determined that sand and sandy loam were most effective at nitrogen removal due to 
larger surface areas, allowing more microbes to grow (Henderson et al. 2007). Barrett 
(2003) found that sand filters were effective in sequestering total suspended solids (TSS) 
and total Kjeldahl nitrogen (TKN) but nitrate concentrations of the effluent were greater 
than the influent. Nielsen, et al. investigated sand filters and found that they removed 
30% to 45% of the nitrogen (Nielsen et al. 1993). Others have found that activated carbon 
can capture dissolved nitrogen from aqueous solutions.  
Demiral and Gündüzoglu (2010) investigated activated carbon derived from sugar beet 
bagasse (the fibrous material remaining after the beets have been crushed to extract their 
juice) with a surface area of 1826 m2/g and a contact time of up to 400 minutes for its 
nitrate removal ability. At a nitrate concentration of 300 mg/L NaNO3, nitrate removal 
varied between 41.2% and 34.7% as the pH was varied from 3 to 10.5. The increase in 
nitrate adsorption at low pH was attributed to excess protons reducing the negative 
charge on the surface of the activated carbon. As a result, the number of positive charged 
sites increased, which increased the adsorption of the negatively charged nitrate. 
Li et al. (2008) used granular activated carbon in a two-step process to remove nitrate 
from water and regenerate the activated carbon for perchlorate removal. The first step 
involved the activated carbon adsorbing acetate. In the second step, bacteria in a biofilm 
on the activated carbon completely removed the nitrate in solution in 6 hours. The 
requirement of pretreatment with acetate and a biofilm may render this process unfeasible 
for stormwater treatment.  
Enhanced Filter Media for Removal of Dissolved Contaminants from Stormwater 
Final Report – September 2014 
 1-52 
Rezaee et al. (2010) used activated carbon impregnated with MgCl2 for nitrate removal. 
At a pH of 6.2, 25o C, and a concentration of 25 mg/L NO3-N, the nitrate removal rate 
was 74% compared to only 8.8% for the same activated carbon not impregnated with 
MgCl2. Equilibrium for the impregnated activated carbon was attained in 40 minutes. 
After impregnation, the MgCl2 was converted to MgO, which has the ability to remove 
nitrate due to its large surface area, large concentration of low coordinated sites, and 
structural defects on the surface. Other studies (to be reviewed later) have investigated 
zero valent iron for nitrate removal. While zero valent iron has been shown to have the 
ability to remove nitrate, Mg0 has a higher reduction potential (2.363 V) compared to Fe0 
(0.44 V) and may be more effective. Also, other problems with zero valent iron such as 
long reaction times, the need for anaerobic conditions, and the formation of an iron-
hydroxide precipitate on the iron surface, which deactivates the iron, have been 
documented. 
Choi et al. (2009) investigated the ability of zero valent iron and palladium coated iron to 
reduce nitrate. The authors found that the palladium coating on the iron increased 
nitrogen selectivity but did not enhance the degradation rate. All experiments were 
performed over a pH range of 3.0-4.0, which is significantly below typical values for 
stormwater runoff and therefore not appropriate for predicting removal from stormwater.  
Ugurlu (2009) investigated the ability of fly ash, sepiolite, and heat-activated sepiolite for 
their ability to remove nitrate from papermill wastewater. Sepiolite is a hydrous 
magnesium silicate with a surface area of more than 200 m2/g. The average values of 
contaminant concentration in the wastewater were 0.213 mg/L nitrite, 0.183 mg/L nitrate, 
9.88 mg/L ammonium, and 0.176 mg/L phosphate. Concentrations of phenol, lignin, 
BOD, and COD were also recorded, the average pH was 7.50, and the contact time was 
24 hours. Activated sepiolite consistently adsorbed the most nitrate over the range of pH 
tested (3-11) and the range of particle sizes that were investigated (30-150 µm). The 
largest adsorption capacity, over 0.09 mg/g, was found for activated sepiolite at a pH of 
3. At a pH of 11 the activated sepiolite adsorbed just over 0.004 mg/g. The adsorbent 
with the smallest nitrate adsorption capacity was found to be fly ash; approximately 0.007 
mg/g and 0.002 mg/g at pH values of 3 and 11, respectively. The ability of activated 
sepiolite to capture more nitrate than the other sorbents was attributed to its high surface 
area. Finally, all kinetics followed a pseudo-second order model. 
Islam and Patel (2010) conducted batch studies to investigate the ability of Zn-Al-Cl 
layered double hydroxide to remove nitrate from solution. Results showed that the 
removal of nitrate was 85.5% under neutral pH conditions using 0.3 g of sorbent in 100 
mL (0.38 gal) of solution with an initial nitrate concentration of 10 mg/L and a contact 
time of 40 minutes. The adsorption of nitrate, which followed first order kinetics, was 
found to decrease in the presence of competitive anions. The percent nitrate removal 
increased with decreasing pH and was maximum at a pH of 6, the smallest pH tested. The 
percent nitrate removal also increased with contact time and increased slightly with 
temperature. The latter indicates that nitrate adsorption is an endothermic process. 
Lin et al. (2008) used zero valent iron nanoparticles to remove nitrites and nitrates from 
solution. The particles were nearly spherical and ranged in size from 20 to 50 nm in 
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diameter. Removal efficiencies for nitrite and nitrate ranged from 65% to 83% and 51% 
to 68%, respectively based on three different initial concentrations of 150, 200, and 250 
mg/L of nitrate and nitrite. The total contact time was 4 hours although most removal 
occurred after 2 hours. The authors stated that the removal mechanism appears to be 
surface precipitation or complexation of nitrite/nitrate with zero valent iron. The zero 
valent iron used in this study had a surface area of 43 m2/g whereas bulk Fe0 has a surface 
area of about 0.5 m2/g. 
Kim et al. (2003) investigated microbial denitrification in a bioretention cell with a 
continuously submerged anoxic zone and electron donor substrate. It was determined that 
newspaper was the most effective electron donor compared to alfalfa, leaf mulch 
compost, saw dust, wheat straw, wood chips, and elemental sulfur. Nitrate mass removal 
efficiencies ranged from 70% to 80% even after long dormant periods that were 
introduced to represent the time between runoff events that would naturally occur in 
practice. 
In a literature review, Shrimali and Singh (2001) reviewed a study in which a chemical 
process using aluminum powder (350 mesh) reduced nitrate to ammonia, nitrogen, and 
nitrite at pH 9-10.5 (Murphy 1991). No reduction of nitrate occurred at pH 8 because a 
protective oxide coating formed on the aluminum particles. In another review, Servant et 
al. (1992) reduced nitrate with iron, aluminum, and stainless steel converting it to nitrite, 
ammonia, and then into nitrogen. Contact times were not reported and, as with other 
metals, a film developed on the aluminum and inhibited the reduction reaction. Summers 
and Chang (1993) found that Fe(II)-mediated reduction of nitrite and nitrate to ammonia 
occurred in ocean water with a pH greater than 7.3 and a temperature greater than 25o C 
in the absence of light. Sato et al. (1996) used a catalyst and UV light to remove nitrate 
from water and Shrimali and Singh (2001) report that catalysts useful for removing 
nitrate are rhodium, palladium, and copper. These are usually made into tiny spheres and 
impregnated with other substances to remove nitrate. 
Shrimali and Singh (2001) stated that bacteria with a carbon source can be used to 
remove nitrate. The carbon source can be methanol, ethanol, acetic acid, sugar, glucose 
syrup, etc. Garbisu et al. (1991) used Phormidium laminosum, a non-nitrogen fixing 
cyanobacterium (i.e., blue-green algae), to remove nitrate. In batch studies, nitrate 
concentrations were still in decline after approximately 50 hours. In a continuous flow 
bio-reactor (1.5 cm inside diameter, 27 cm long, loading rate of 3.5 mL/hr) significant 
removal of nitrate (data not reported) was achieved from 90 mg/L feed water for 12 
weeks. In this study, cells either remained free or were immobilized in one of three ways; 
1) in polyurethane foam by absorption, 2) entrapment followed by polymerization, or 3) 
by adsorption onto polyvinyl foams. Cells that were entrapped died quickly and did not 
remove nitrate. Cells that were immobilized through adsorption did not die but removed 
less than half the nitrate as free cells. Nitrate uptake increased when light and CO2 
increased but the light amount does not account for the difference in uptake rate between 
free and adsorbed cells. The authors theorized that perhaps the foam acted as a barrier or 
there was a mucilage layer that formed around the cells. The reduction of nitrate can also 
be accomplished through immobilized enzymes in a bioreactor with an electrical current 
(Mellor et al. 1992). 
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Xuan et al. (2010) sought to develop a new “green” material mix made up of recycled 
materials to remove nitrates, ammonia, total nitrogen, ortho-phosphorus, total 
phosphorus, and biochemical oxygen demand (BOD) from wastewater. Potential sorption 
media included tire crumbs, tree bark, wood chips, sawdust, newspaper, alfalfa, mulch, 
cotton, wheat straw, and sulfur/limestone. These materials were selected based on a 
literature review. The literature review revealed that in one study alfalfa and newspaper 
achieved 100% nitrate removal and mulch compost achieved only 60% removal. 
Sawdust, wood chips, and wheat straw obtained greater than 95% removal of nitrate with 
wood chips achieving consistently greater removal than saw dust. Compost achieved 55% 
nitrate removal. Materials that were investigated and found to be ineffective for nitrate 
removal were soil, broken brick, and polystyrene packing material. Another study used 
sulfur and limestone for nitrate removal in potable water. Sulfur was the electron donor 
and limestone maintained the pH. At an optimum mixing ratio of 1:1 (sulfur:limestone) 
nitrate removal was 98%. In a study using granulated tires for nitrate removal it was 
determined that 48 g of tire removed 16.2 g NO-3-N. Other studies found that mulch was 
very effective in removing nitrate while sand was not. It was concluded that soil with 
more silt/clay and cations (Mg/Ca/K) might be effective for nutrient removal and that 
coarse media is not as effective because of its small surface area. Finally, nitrate has also 
been removed from water using marble chips, limestone, and oyster shells. Oyster shells, 
which were 98% CaCO3, were most effective as they removed 80% of nitrate whereas 
limestone removed 56% of nitrate. 
Using the results of their literature search, Xuan et al. (2010) developed a mix of 68% 
fine sand, 25% tire crumbs, and 7% sawdust that achieved 55% removal of nitrates and 
89% phosphorus (with initial concentrations of 0.352 mg/L nitrate and 1.498 mg/L ortho-
phosphorus) in a 24-hour retention time.  
In other studies, Wenske (1997) reduced nitrate in water containing hydrogen and Cheng 
et al. (1997) reduced nitrate to ammonia at room temperature and pressure under aerobic 
conditions in the presence of iron and either HCl or a pH buffer. In unbuffered solutions 
no nitrate removal was achieved.  
Faucette et al. (2008) investigated the use of socks filled with compost to remove 
sediment, ammonium, nitrate, fecal bacteria, heavy metals, and petroleum hydrocarbons. 
Compost sock removal efficiencies were 17% for NH4-N and 11% for NO3-N. The 
addition of NitroLoxx (a flocculating agent) to the compost increased NH4-N removal to 
27% but did not affect NO3-N removal. 
Some studies have investigated ways to increase nitrate removal. For example, Karimi et 
al. (2010) studied nitrate adsorption and desorption from modified beet residue. They 
found that nitrate adsorption in the presence of pyridine increased in the presence of 
ultrasound at lower temperatures (10°C) and that 90% of the nitrate was removed in less 
than 10 minutes. The mass of nitrate sorbed was in the range of 70-80 mg/g sorbent. They 
also found that desorption was larger in the presence of ultrasound through a range of 
temperatures and that desorption/adsorption was the same after five cycles, indicating the 
material can be regenerated and reused. 
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Other studies have shown that for some sorbents nitrate adsorption is significantly 
delayed in the presence of large molecular weight humic acids (Cacco et al. 2000, Nardi 
et al. 2000) while for other sorbents it has no affect (Panuccio et al. 2001). Klucakova 
(2010) found that nitrates may be adsorbed mainly by solid humic particles and a small 
amount is bonded to dissolved humic macromolecules or aggregates. 
As with metal removal, the removal of nitrates in a stormwater filter will require 
relatively rapid kinetics due to the short contact time between the water and the filter 
media. Based on the reviewed literature, promising enhancing agents appear to be 
activated carbon impregnated with MgCl2 or other magnesium based agents such as 
hydrous magnesium silicate (sepiolite) and Mg0, iron (if the limiting precipitate layer or 
its effect can be minimized), and Zn-Al-Cl layered double hydroxides. Microbial 
denitrification with newspaper as an electron donor may also be feasible. 
Wendling et al. (2013) performed column experiments to investigate the ability of water 
treatment residuals (WTR), coal fly ash, and granular activated carbon (GAC) from 
biomass combustion for its ability to retain nutrients such as nitrogen and phosphorus in 
water treatment systems. Water treatment residuals were CaO and CaCO3 based materials 
used to remove color and odor from groundwater. The CaCO3 also included garnet, an 
iron rich material. The coal fly ash was obtained from a coal-fired power plant and the 
granular activated carbon was obtained from an eucalyptus tree processing plant. 
Chemical composition of the materials along with the native sand used in column 
experiments is shown in Table 1-20. 
Table 1-20. Chemical composition of materials used in column experiments (Wendling et al. 2013). 
 
Influent to the columns contained 59.2 mg/L dissolved organic carbon, 1.30 mg/L 
dissolved organic nitrogen, and 0.52 mg/L dissolved phosphorus as PO4-P. The influent 
was pumped through the columns in an upflow mode so that the residence time was 12 
hours. Removal rates are shown in Table 1-21. 
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Table 1-21. Cumulative removal rates found by Wendling et al. (2013). 
 
1.3.2. Potential Enhancing Agents for Dissolved Phosphorus Removal 
Dissolved phosphorus removal can occur through adsorption to iron (Fe) and aluminum 
(Al) hydroxides or oxides under acidic conditions. It has been reported that optimal 
removal via this mechanism occurs from pH = 5.6 to pH = 7.7 whereas precipitation of 
phosphates with calcium (Ca) is optimal at pH values of 6 to 8.5.  
Iron has demonstrated the ability to remove dissolved phosphorus from aqueous 
solutions. In the work by Erickson et al. (2007) steel wool was used to remove dissolved 
phosphorus from synthetic stormwater in both laboratory batch and column studies. 
Based on this work, scrap iron shavings were used as an enhancing agent in a 0.27-acre 
stormwater sand filter in Maplewood, Minnesota (Erickson et al. 2010). As a waste 
product the iron shavings were selected over steel wool due to its smaller cost. The filter 
is currently being monitored and is removing over 80% of the dissolved phosphorus from 
the runoff it filters. The iron shavings appear to have most, if not all, of the qualities 
needed for an optimal enhancing agent that can remove dissolved nutrients. It is 
inexpensive, safe to handle, does not significantly alter the pH, and, based on the work by 
Erickson et al. (2007, 2010, 2012), appears to have a large capacity such that the life of 
the iron will outlast the life of the filter. 
O’Neill and Davis (2012a, 2012b) investigated the ability of aluminum-based drinking 
water treatment residual (that contained aluminum and iron), triple-shredded hardwood 
bark mulch, and washed quartz sand to remove dissolved phosphorus from water. The 
investigation used laboratory column experiments that were run continuously for 57 days. 
The columns contained 12 cm of media and had a water loading rate of 15 cm/hr (1.3 
mL/min) for the first 28 days. Loading rates were increased to 31 cm/hr (days 29 through 
49) and finally to 61 cm/hr (days 49 through 57) to force column breakthrough. At a 
loading rate of 15 cm/hr, which is typical for stormwater bioretention facilities, quartz 
sand with 4% water treatment residual reduced the dissolved phosphorus concentration 
from 0.12 mg/L to, on average, less than 0.02 mg/L for the entire 28 day span (750 bed 
volumes). Although the effluent concentration increased as the loading rate increased, 
breakthrough did not occur over the course of the 57-day experiment (2500 bed 
volumes). 
Other materials that have been investigated for phosphorus removal potential include 
slag, red mud, other iron based components, zirconium, coal fly ash, crab shells, lithium, 
magnesium or manganese-layered double hydroxides (Chouyyok et al. 2010), aluminum 
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oxide, calcareous sand, limestone, blast oxygen furnace dust (a by-product of the steel 
making industry), iron oxides, calcite, high calcium marble, clay, diatomaceous earth, 
and vermiculite (Erickson 2005). While these materials may be effective, steel wool 
and/or iron shavings have been found to be effective at capturing dissolved phosphorus 
while meeting other practical requirements such as being relatively inexpensive, easy to 
place, not clogging the filter, and having a long life. The materials previously mentioned 
typically have limitations associated with them such as changing the pH of the water to 
unacceptable values, clogging the filter, dissolving and passing through the filter, etc. 
Based on previous work, the most promising enhancing agents for the capture of 
phosphorus appear to be steel wool, iron shavings, water treatment residual, or other iron 
based materials. They have already been shown to have relatively high capture rates, be 
inexpensive, and have a long life.  
Ma et al. (2011) developed a lightweight (< 400 kg/m3) engineered media from perlite 
and activated aluminum oxide to adsorb Ortho-phosphorus and to filter particulate matter. 
This engineered media, along with perlite, zeolite, and granular activated carbon (GAC) 
were studied to develop adsorption isotherms with respect to dissolved phosphorus 
removal. The engineered media had the highest adsorption capacity (7.82 mg/g), which 
was almost seven times that of the GAC (1.16 mg/g) and higher than any of the other 
materials tested. Under adsorption breakthrough testing, the engineered media treated 838 
empty bed volumes before dissolved phosphorus removal efficiency dropped below 50%. 
GAC treated 12 empty bed volumes before dropping below 50% removal. Over the life 
of the engineered media and GAC, dissolved phosphorus removal rates can be expected 
to be 33-35% for both materials but the engineered media was found to have a life 
expectancy of over twice that of the GAC (>2000 empty bed volumes to 1000 empty bed 
volumes for GAC). 
Okochi and McMartin (2011) investigated the potential of electric arc furnace (EAF) slag 
as a possible sorbent to remove dissolved phosphorus from stormwater. The slag was 
obtained from a steel recycling facility and had a chemical make-up as shown in Table 
1-22.  
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Table 1-22. Chemical composition of EAF slag used by Okochi and McMartin (2011). 
 
Six different synthetic stormwater recipes were used (Table 1-23) to test the effect of 
other contaminants in the stormwater on the effectiveness of the EAF slag. All solutions, 
although varying in metal concentrations, had a constant phosphorus concentration of 5 
mg P/L.  
Table 1-23. Chemical composition of the six stormwater solutions tested by Okochi and McMartin 
(2011). 
 
In summary, the presence of cadmium, lead, and zinc had little effect on the uptake of 
phosphorus by the EAF slag while copper was a significant inhibitor of phosphorus 
uptake. The effect of copper could be due to a stronger attraction to the adsorbent but the 
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effect was not noticed in the multi-metal stormwater solution containing copper and other 
metals. Phosphorus uptake was greatest in the metal-free and multi-metal stormwater 
solutions. Phosphorus adsorption onto the EAF slag ranged from 0.82 mg P/g in the 
copper dominated synthetic stormwater solution to 1.18 mg P/g in the metal-free 
stormwater solution. 
O'Neill and Davis (2012a, 2012b) investigated the ability of bioretention soil amended 
with aluminum based water treatment residual (WTR) to adsorb phosphorus. The 
residuals were obtained from a drinking water treatment plant and were produced from 
the use of aluminum based coagulants such as alum (Al2(SO4)3-14H2O). Phosphorus 
adsorption isotherms were developed from batch studies and column experiments were 
performed. WTR composition in the soil was varied from 2-10% (by weight) and, as 
expected, greater phosphorus removal was observed as the amount of WTR increased. 
The effectiveness of the amended soil, however, was often less than expected in the 
column studies, possibly due to the shorter contact time in the columns as compared to 
the batch studies. Also, this effect was more pronounced for columns subject to 
intermittent flow as compared to columns operated under continuous flow conditions. 
This effect could be explained by the drying and crystallization of hydrous oxide mineral 
surfaces.  
A benchmark for phosphorus adsorption to provide necessary stormwater treatment was 
presented and discussed. As developed in the paper, the benchmark was calculated to be 
34 mg P/kg of media at a phosphorus water concentration of 0.12 mg P/L. The WTR 
media met this benchmark when WTR content was at least 4-5% by weight of the media 
mixture. 
This paper also presented and examined the oxalate ratio (OR), which is defined as: 
 OR=	  Alox+	  FeoxPox (1) 
where Alox = oxalate-extractable Al, Feox = oxalate-extractable Fe, and Pox = 
oxalate-extractable phosphorus.  
Results indicated that at the phosphorus concentration examined in this study (0.12 mg 
P/L), there was a linear relationship between the OR and phosphorus adsorption. Thus, 
the authors state that the OR may be a useful predictive tool to estimate the ability of a 
medium to adsorb phosphorus for stormwater treatment. 
Wendling et al. (2013) also investigated the ability of WTR and other materials such as 
coal fly ash and granular activated carbon to remove dissolved phosphorus from water. 
Because that study simultaneously investigated the ability of those materials to remove 
nitrogen, the results (including those corresponding to phosphorus removal) are presented 
in the previous section. 
Wium-Anderson et al. (2012) tested crushed limestone, shell-sand, zeolite, and two 
granular olivines, which is a magnesium iron silicate ((Mg,Fe)2SiO4), for their ability to 
remove dissolved phosphorus and metals from water. The limestone contained 96.8% 
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calcium carbonate, 1% magnesium carbonate, and trace amounts of aluminum oxide. The 
zeolite was Clinoptilolite ((Ca, K2, Na2, Mg)4Al8Si40O96). The shell-sand used was a 
carbonatic material derived from fossils of shelled organisms such as snails, crabs, and 
mussels. The material consisted of 33% calcium, 1% magnesium, and traces of arsenic, 
cadmium, and lead. 
Initial contaminant concentrations in the synthetic stormwater used are shown in Table 
1-24. 
Table 1-24. Initial synthetic stormwater concentrations used with sorbents (Wium-Anderson et al. 
2012). 
 
Results in the form of percent removal after 1 minute and after 10 minutes are shown in 
Table 1-25. 
Table 1-25. Median initial removal efficiencies in percent of the initial concentration. 25% and 75% 
percentiles are shown in brackets (Wium-Anderson et al. 2012). 
 
The granular olivine materials had the highest removal efficiencies, the most rapid 
sorption kinetics, and the highest cost. They also raised the pH to almost 10, which may 
not be acceptable in many applications, and leached chromium into solution. The shell-
sand had the lowest unit cost but relatively high sorption capacity and caused the pH to 
stabilize around 8. The zeolite and limestone had relatively low sorption capacity. The 
authors concluded that none of the sorbents tested were ideal for all contaminants, 
however, at least some of the materials and/or combinations thereof, could be effective in 
removing dissolved contaminants from water. 
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1.3.3. Potential Enhancing Agents for Dissolved Metal Removal 
Metal cation removal from aqueous solution may occur through four different 
mechanisms; cation exchange, cementation, adsorption, and metal hydroxide 
precipitation (Rangsivek and Jekel 2005, Zhang et al. 2008). The mechanisms are pH 
dependent and more than one mechanism can occur at the same time, even on the same 
sorbent. In cation exchange processes, positively charged ions on the sorbent are 
displaced by metal cations that have a higher affinity for the site. Thus, metal cations are 
removed from solution and previously sorbent-bound cations enter solution. At very low 
pH, metal cations must compete with hydrogen ions for the exchange sites and metal 
removal tends to be reduced (Kwon et al. 2010). Cementation involves re-dox sensitive 
compounds being reduced to insoluble forms (Rangsivek and Jekel 2005), whereas 
surface adsorption occurs when ions are adhered preferentially to the surface of the 
adsorbent, and metal hydroxide precipitation occurs at high pH values where the metal 
ions will form a precipitate with free hydroxide ions (OH-). 
There are many materials with the ability to adsorb metal cations in aqueous solutions 
including various forms of iron, alumina, activated carbon, compost, mulch, wood bark, 
grass clippings, and many other plants or plant parts. An ideal enhancing agent for the 
removal of metal ions from stormwater would: 
• Be inexpensive and readily available 
• Be easily mixed into the infiltration media without any health or safety issues 
• Have relatively fast reaction/sorption kinetics because contact times between the 
water and enhancing agent are relatively short 
• Not alter the pH or other water quality parameters to unacceptable values 
• Not dissolve and be washed away or plug the filter media 
• Have a high capacity for metal retention (i.e., a long life span) 
• Not release other contaminants such as phosphorus, nitrogen, or other metals. 
Studies that have investigated various enhancing agents and their ability to remove metal 
ions from solution are reviewed below. 
Activated Carbon (AC) 
Van Lienden et al. (2010) reviewed the ability of six commercial and six non-commercial 
activated carbon (AC) materials to remove copper and zinc ions from water. Non-
commercial AC included those derived from straw, hulls, and shells of almonds, 
pistachios, pecans, and walnuts. The performance of each AC was investigated in the 
laboratory using batch studies with a contact time of 72 hours and a prepared solution 
containing the metal ions. The batch studies were followed by experiments using actual 
stormwater runoff samples. Most of the ACs tested, including all of the commercial 
products, demonstrated a greater affinity for copper than for zinc. The AC that was 
derived from rice hulls had the largest capacity to remove zinc whereas a commercial AC 
had the largest copper removal capacity. When tested in actual stormwater, however, the 
copper sorption dropped by up to 80% due to competition between metal ions and other 
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substances in the water. The authors concluded that 1 kg of AC derived from rice hulls 
could treat up to 46 m3 of California highway stormwater runoff that contained the 90th 
percentile concentration of copper. The zinc treatment volume, however, would be 7 m3 
and would control the design of a stormwater filter. With regards to copper removal, the 
rice-derived AC could treat 20.9 times as much California highway runoff than the best 
commercially AC tested and 4.9 times as much water with respect to zinc removal. 
Genc-Fuhrman et al. (2007) tested a host of enhancing agents including a commercially 
supplied granulated activated carbon (GAC) for their ability to remove arsenic, cadmium, 
chromium, copper, nickel, and zinc from solution using batch studies with a 48 hour 
contact time. The GAC in their study ranked behind alumina, bauxsolcoated sand, 
granulated ferric hydroxide, and fly ash in terms of overall removal effectiveness. The fly 
ash, however, increased pH values to over 9, where as the GAC increased pH valued to 
between 8 and 9.  
The ability of activated carbon impregnated with the surfactants sodium dodecyl sulfate 
(SDS), sodium dodecyl benzene sulfonate (SDBS), or dioctyl sulfosuccinate sodium 
(DSS) to remove cadmium ions from solution was investigated by Ahn et al. (2009) using 
batch studies with a 48 hour contact time. Impregnating the surface increased the number 
of active cation exchange sites; it was theorized that the new sites could be the heads of 
the surfactants arranged towards the water. All modified GAC removed cadmium well, 
even at pH =2, with removal rates increasing linearly with pH. It was determined that 
SDS was the most effective enhancing agent of those tested. Also, the surfactants covered 
up acid groups and decreased acidity. Finally, Ahn, et al. concluded that the kinetics of 
the adsorption reactions are well described by a pseudo-second order kinetic model. 
Alumina 
Alumina, or aluminum oxide (Al2O3), can remove heavy metals from solution by 
precipitation and adsorption. There are many different grades of alumina but in a batch 
study experiment (48 hour contact time) by Genc-Fuhrman et al. (2007) that investigated 
the ability of 11 different sorbents to remove arsenic, cadmium, chromium, copper, 
nickel, and zinc ions, alumina was determined to have the largest overall removal 
efficiency of all sorbents.  
The alumina used by Genc-Fuhrman et al. (2007) was supplied by Haldor-Topsoe in 
Denmark and was a waste product of their manufacturing process of catalysts (email 
communication with Professor Anna Ledin, co-author). In this study the alumina 
outperformed activated bauxsol-coated sand, bark, bauxsol-coated sand, fly ash, 
granulated activated carbon, granulated ferric hydroxide, iron oxide-coated sand, natural 
zeolite, sand, and spinel (MnAl2O4). It was observed that as the pH and initial metal 
concentration increased, oversaturated minerals and salts also increased. Thus, 
precipitation, not adsorption, may have been the primary removal process in these tests. 
Regardless of the mechanism, the alumina removed all metals to levels below Dutch 
emission limit values.  
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The high removal rates of alumina were attributed to the high surface area of alumina and 
favorable surface reactions with metal ions. Alumina removes cations through 
mechanisms such as surface complexations with hydroxide groups, pore diffusion, and 
adsorption. Although alumina was deemed the best overall performer, some sorbents did 
outperform alumina with respect to removal of certain metals. 
Baumgarten and Kirchhausen-Dusing (1997) presented a chemical reaction model to 
predict the concentration of aluminum ions, other metal ions, and pH as a function of the 
quantities of alumina, volume of liquid, metal concentrations, and other variables. They 
also described adsorption with a Henry isotherm. 
Compost 
Compost, although shown to be effective at removing metal ions, releases or has the 
potential to release phosphorus and nitrogen into the water. Phosphorus or nitrogen are 
typically the limiting nutrient for plant and algae growth and therefore are often a target 
for removal from stormwater. Thus, using an enhancing agent that can release 
phosphorus and/or nitrogen may be more detrimental than beneficial. A two-stage filter, 
however, in which the upstream first stage removes metals but releases nutrients followed 
by a second stage that removes nutrients may be effective. 
It is the organic fraction of compost that has the ability to adsorb metal ions from 
solution. The organic material contains binding sites such as amine, carboxyl, phenolate, 
and thiol groups that can complex or exchange metals and remove them from water 
(Nwachukwu and Pulford 2008). Precipitation may also occur, usually by an anion such 
as phosphate, which forms an insoluble salt with the metal, or by raising the pH to 
precipitate the metal as its hydroxide.  
Nwachukwu and Pulford (2008) tested bonemeal, coir (commercially available blocks of 
dried coconut husks), compost, green waste compost, peat, and wood bark for their 
ability to adsorb lead, copper, and zinc in batch laboratory studies with a contact time of 
one hour. The materials with the three largest metal capacities were, in order of 
decreasing capacity, green waste compost, coir, and compost. The Langmuir sorption 
maxima were approximately 87 mg Pb/g (coir and green waste compost), 30 mg Cu/g 
(compost and green waste compost), and 13 mg Zn/g (compost and green waste compost) 
all in 0.001 M Ca(NO3)2. The affinity of metals for the compost materials was consistent 
with other materials tested (in this and other studies) and was in the order of Pb > Cu > 
Zn. 
Adsorption was dependent on ionic strength of the solution and competition with other 
metals. For example, larger background salt concentrations resulted in less lead removal 
by compost, coir, wood bark, and green waste compost. Also, testing all metals in one 
combined solution reduced sorption by all materials due to competition. Lead sorption, 
when in competition, was reduced by about 40-50%, copper was reduced by 60% to 70%, 
and zinc sorption was decreased by variable amounts under competition. 
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Seelsaen et al. (2006) used batch studies with a 24-hour contact time to test compost, 
sand, packing wood, ash, zeolite, recycled glass, and Enviro-media (a manufactured 
material containing either selected organic matter or a blend of organics, minerals, 
specialized aggregates, soil and other ingredients) for their ability to remove copper, lead, 
and zinc ions from solution. The relevance of the Enviro-media mixes is that based on its 
performance, the authors concluded that a combination of sand and alternative materials 
could be used to treat stormwater. With regards to metal removal, compost was ranked 
the best but it also leached large amounts of dissolved organic carbon (DOC) into the 
water. 
Faucette et al. (2008) investigate the use of socks filled with compost to remove 
sediment, NH4, NO3, fecal bacteria, metals, and petroleum hydrocarbons. Removal 
efficiencies for soluble metals tested (cadmium, chromium, copper, nickel, lead, and 
zinc) ranged from 17 to 72%. 
Composted Manilla grass was investigated by Kahn et al. (2009) to determine whether 
pH and moisture content (MC) values that create large volume reduction in compost 
(compost’s main purpose), also promote cadmium, copper, lead, and zinc cation removal. 
The experiments were performed using laboratory batch studies with a contact time of 5 
hours. 30% MC and an initial pH of 8 resulted in compost with the largest cation 
exchange capacity whereas 30% MC and an initial pH of 7 had the maximum volume 
reduction. Kahn et al. (2009) concluded that 30% MC was optimum for maximizing 
volume reduction and cation exchange capacity at all initial pH values. 
Crustacean Shells 
Shells from crabs, shrimp, and other crustaceans are composed of chitin (poly-N-
acetylglucosamine), protein, and CaCO3 and have been shown to have a relatively large 
capacity to remove heavy metals from aqueous solutions. Chitin complexes investigated 
by Robinson-Lara and Brennan (2010) removed aluminum ions more quickly (3 days) 
than lactate (12 days) and spent mushrooms (37 days) and was the only complex able to 
remove manganese (73% removal). Aluminum removal was consistent with the 
formation of hydroxides and/or alunite (KAl3(SO4)2(OH)6. Iron was also removed by 
chitin which was consistent with the precipitation of Fe(III) oxides and Fe(II) sulfides, as 
well as surface adsorption. Finally, the chitin complex increased the pH from 3 to neutral 
in three days. 
Bailey et al. (1999) discuss chitosan, which is a complex that can be produced chemically 
from chitin, is found naturally in some fungal cell walls, and has a large capacity for 
metal adsorption. It is estimated that one to four million pounds of chitosan could be 
produced for $2.2-4.4/kg ($1-2/lb). Chitosan, however, is highly soluble in water but can 
be made essentially insoluble by cross-linking it with glutaraldehyde.  
The adsorption capacity of chitosan varies with crystallinity, affinity for water, percent 
deacetylation, and amino group content but studies have found extremely large capacities 
of 136 to over 500 mg Cd/g, 27.3 mg Cr(VI)/g, several hundred mg Hg/g, and almost 800 
mg Pb/g. In other studies N-acylation was shown to increase the porosity of chitosan 
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(which is naturally non-porous), which increased metal capacity by 20% but cross-linking 
to reduce solubility, was shown to decrease capacity by 37%. Other researchers have 
increased the capacity of chitosan by substitution of functional groups such as organic 
acids. 
Wium-Anderson et al. (2012) investigated the ability of shell-sand (from fossilized 
shells) to remove dissolved metals from solution. Since that study also investigated the 
ability of the material to remove dissolved phosphorus, the results are discussed in detail 
in the previous section on phosphorus removal. 
Ferrous Based Materials 
Iron based enhancing agents, which have the capacity to remove dissolved phosphorus 
from solution, have also demonstrated the ability to remove metal ions. For example, 
Namasivayam and Ranganathan (1995a) used Fe(III)/Cr(III) hydroxide, a waste product 
from the fertilizer industry, to remove cadmium, nickel, and lead ions from solution. In 
batch studies with contact times of 1 or 5 hours the amount of metals sorbed increased as 
the sorbent dose increased and particle size decreased. Contrary to some studies 
(Nwachukwu and Pulford 2008), metal adsorption was not affected by changing the ionic 
strength of the solution. When all metals were combined in one solution, lead 
demonstrated the strongest affinity for the sorbent, followed by cadmium and then nickel, 
due to competition. Namasivayam and Ranganathan (1995a) also performed fixed bed 
experiments in which 3 grams of adsorbent was packed into a 1.4 cm (0.5 inch) inside 
diameter glass column (2.5 cm or 1 inch bed height) and a solution containing one of the 
three metal ions (200 mg Pb/L, 80 mg Cd/L, or 50 mg Ni/L) was pumped through the 
adsorbent at a rate of 10 mL/minute. The breakthrough curves are shown in Figure 1-7. 
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Figure 1-7. Breakthrough curves for the adsorption of metals on waste Fe(III)/Cr(III) 
hydroxide (Namasivayam and Ranganathan 1995a). 
In a paper investigating only cadmium ion removal, Namasivayam and Ranganathan 
(1995b) reported that the mass of cadmium ions removed ranged from approximately 20 
to 40 mg Cd/g sorbent as the concentration of the sorbent increased from 50 to 140 mg/L. 
The time required to reach equilibrium was approximately 300 hours. Adsorption also 
increased with temperature; equilibrium values of about 25 mg/g were reported at 20o C 
(68o F) and about 33 mg/g at 40o C (104 o F). The effect of temperature was attributed to 
increased pore sizes in the adsorbent and/or activation of the adsorbent surface. 
Adsorption also appeared to be endothermic and spontaneous and, as is typical of cation 
adsorption of metal oxides, increased with pH. Finally, as pH was lowered, previously 
sorbed metals ions were desorbed; 70% of the cadmium ions desorbed at pH = 3.8, the 
smallest pH value tested. 
Rangsivek and Jekel (2005) used zero valent iron (ZVI), or Fe0, to remove copper and 
zinc ions from solution in batch studies with a contact time of 48 hours. Their ZVI was in 
the form of scrap iron obtained from an ASTM A284 grade steel cylinder that was 98% 
Fe0 and was ground into particles that ranged from 0.4 to 1.25 mm (0.016 to 0.05 inch) in 
size. Most of the copper removed was determined to be reduced in a thermodynamically 
favored reaction by Fe0 and transformed into insoluble Cu0 or Cu20. Unlike copper, zinc 
removal required the precipitation of iron oxides that acted as adsorption sites. Zinc 
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removal also increased as dissolved oxygen, ionic strength, pH, and temperature 
increased but the rate of zinc removal was half that of copper. Metal uptake rates 
decreased with increasing amounts of dissolved organic carbon as these substances form 
complexes with metals and Fe2+.  
Rangsivek and Jekel (2005) examined the removal processes of ZVI in detail and found 
that large molecular organics can compete with metal ions for adsorption sites and that 
the long-term performance of ZVI may be limited or governed by the formation of layers 
of iron and cuprous oxides. Also, under acid conditions with no dissolved oxygen, only 
0.88 mg iron was required to remove 1 mg Cu2+ but in stormwater runoff that value 
increased to about 5 mg of iron. The difference was attributed to iron consumption by 
dissolved oxygen and accumulated intermediate products such as Fe3+. The presence of 
DO, however, significantly increased zinc removal as DO increased the corrosion of iron. 
Copper removal was not significantly affected by temperature but zinc removal increased 
by a factor of seven as the temperature increased from 5 to 35o C (41 to 95 o F). The 
impact of temperature was attributed to increased iron dissolution rates at higher 
temperatures, which resulted in more iron being available to remove zinc. It also 
appeared that some copper (7% to 9%) formed metal-DOC complexes that could not be 
removed by the ZVI. The DOC also reduced copper removal rates by a factor of two due 
to the formation of complexes and competitive adsorption. Zinc removal was reduced by 
a factor of 4.6 in the presence of DOC. Finally, ionic strength had little impact on copper 
removal but zinc removal increased from 75% in deionized water to greater than 95% in 
water with large ionic strength. 
In a comparison of 11 different sorbents, Genc-Fuhrman et al. (2007) ranked granulated 
ferric hydroxide (GFH) only behind alumina and bauxsol-coated sand in terms of overall 
metal ion removal performance. The GFH was a commercially available product sold 
under the name Ferrosorp Plus and was later investigated for its ability to remove 
aresenic, cadmium, chromium, copper, nickel, and zinc from solution (Genc-Fuhrman et 
al. 2008). The GFH increased the pH of the water from 6.7 to 8.2 and complete 
breakthrough occurred after 100 days (or about 800 bed volumes). In this study, humic 
acid was found to reduce the uptake of metals; chromium was most negatively affected 
with 100 mg/L of humic acid reducing its removal by 81%. Adsorption capacities were 
also found to decrease in the absence of light because, in the presence of organic matter 
such as humic acid, light can reduce the Fe(III) in the GFH to Fe(II). 
Wu and Zhou (2009) also investigated the ability of Ferrosorp Plus and Ferrosorp RWR 
to remove arsenic, cadmium, chromium, copper, nickel, and zinc from solution using 
batch studies with a contact time of 48 hours. The Ferrosorp Plus leached chromium 
(14.3 µg/L) and zinc (120 µg/L) in control batches of clean water. The Ferrosorp 
products had a large affinity for cadmium, nickel, and zinc but were not as effective at 
removing copper, arsenic, and chromium. The authors suggested that a Ferrosorp/zeolite 
mixture could be effective for stormwater treatment; the Ferrosorp would remove 
cadmium, nickel, and zinc and the zeolite could remove copper (and possibly other 
metals). The performance of Ferrosorp, however, could be reduced when used in actual 
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stormwater runoff due to the formation of metal/organic complexes and competition 
between metal ions and other substances for adsorption sites. 
Column experiments were performed by Mohammed et al. (2012a) to determine the 
effectiveness of hydrous ferric oxide (FeOOH) in removing dissolved metals (cadmium, 
copper, nickel, and zinc) and selenium from solution. Columns, which were 3.2 cm (1.3 
in) in diameter and 30 cm (11.8 in) tall, were packed with a mixture of 95% anthracite 
(by weight) and 5% hydrous ferric oxide. Synthetic stormwater was prepared by 
collecting stormwater runoff from drainage channels in a residential area and adding 
appropriate amounts of corresponding salts to achieve the desired concentrations. Final 
concentrations were cadmium = 0.1 mg/L, copper = 1.2 mg/L, nickel = 0.1 mg/L, Se = 
0.2 mg/L, and zinc = 4.0 mg/L.  
Experiments were performed by dosing columns at a rate of 1 m/hr (3.3 ft/hr) for 8 hours. 
Effluent samples were collected and analyzed at 10 minutes, 30 minutes, and then at 1-
hour increments. After each run the media was leached by passing distilled water through 
the columns for 3 hours after which the columns were allowed to dry for 40 hours before 
the next 8 hour run commenced. This process was continued for a total of seven runs. In 
each run the columns initially removed a large fraction of metals but removal rates 
decreased with time until reaching a constant value around 4-6 hours. After the drying 
period removal rates were higher than at the end of the previous run but, as just 
discussed, removal rates dropped over time reaching a constant value 4-6 hours into the 
run. Overall removal efficiencies were for copper and zinc were 42-63% for the first 
three runs and 36-59% for the last four runs. For cadmium, nickel, and Se, removal rates 
were 21-25%, 11-13%, and 17-20%, respectively, for the first three runs and 37-50%, 18-
23%, and 8-12%, respectively, for the last four runs. More detailed results including how 
removal varied with time can be found in the previously referenced document. 
Mohammed et al. (2012b) performed similar experiments to those just described (i.e., 8 
hour runs, 40 hour dry periods, same synthetic stormwater, etc.) using hydrous ferric 
oxide (5% by weight), hydrous ferric oxide plus Ca(OH)2 (6% by weight), and Hydrous 
ferric oxide plus Ca(OH)2 and MnO2 (7% by weight). The remaining 93-95% of the 
column media was, as before, anthracite. Initially the Ca(OH)2 raised the pH of the 
effluent and removed more metals but less Se than the column containing only hydrous 
ferric oxide. Over time, after the pH effect of Ca(OH)2 became insignificant, the MnO2 
column removed more of the ions than the other columns. Removal efficiencies at a 
hydraulic loading rate of 0.75 m/hr (2.46 ft/hr) of the Ca(OH)2 and MnO2 columns were, 
for cadmium, copper, nickel, and zinc, 88-100%. The authors concluded that all three 
media mixes had potential to be effective in water treatment. 
Kishimoto et al. (2011) investigated zinc ion removal by zero-valent iron by performing 
adsorption isotherm experiments and 1 cm (0.39 inch) diameter, 20 cm (7.9 inch) long 
column studies packed with 8 g (0.28 oz.) of iron powder. The Langmuir and Freundlich 
isotherm models did not fit the observed isotherm. Isotherm data revealed 100% removal 
of zinc in solution, which indicates that zinc was strongly adsorbed on to the iron surface 
by van der Waals forces and some kind of chemical force(s). 
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The authors concluded that the mechanism for zinc removal by zero-valent iron is: 1) 
Zero-valent iron is oxidized to ferric iron by dissolved oxygen, 2) The ferric iron is 
precipitated as iron hydroxide onto the surface of the zero-valent iron, 3) Zinc ions are 
adsorbed on and/or coprecipitated with the iron hydroxide, 4) The iron hydroxide is 
oxidized and transformed into iron oxides. During the experiments the authors noted that 
zinc removal by zero-valent iron was enhanced by both dissolved oxygen and ferric ion. 
It was also noted that under acidic conditions zinc removal decreased. Also, zinc ions 
already removed were released by reducing agents such as citric acid. 
Wium-Anderson et al. (2012) investigated the ability of granular olivines (a magnesium 
iron silicate) to remove dissolved metals from solution. Since that study also investigated 
the ability of the material to remove dissolved phosphorus, the results are discussed in 
detail in the previous section on phosphorus removal. 
Limestone 
Jensen et al. (2011) measured the ability of limestone to remove metals in a novel 
application termed Dual Porosity Filtration (DPF). This arrangement included 10 mm 
(0.4 in) thick low porosity layers intended to remove suspended solids via sedimentation 
or filtration and dissolved contaminants (i.e., metals) due to the high affinity of the solid 
material (i.e., 1-3 mm diameter limestone grains) for dissolved contaminants. The low 
porosity layers were interlaid with high porosity layers layers that were 4 mm (0.16 in) or 
6 mm (0.24 in) in height. The high porosity layers were made from manufactured 
geosynthetic grids with an open structure.  
In this study two separate DPF units were constructed side-by-side and underground. One 
DPF unit consisted of 6 high porosity-low porosity pairs and the other 18 pairs. Both 
units were designed with a hydraulic capacity of 9 m3/hr (39.6 gallons/minute). These 
pilot DPF units were both 50 m (164 ft) long and 3.44 m (11.3 ft) wide. The 6-pair unit 
was 0.096 m (0.31 ft) high and the 18-pair unit was 0.252 m (0.83 ft) high. Both units 
were monitored for contaminant removal during 25 rainfall/runoff events. Although 
metal removal only assessed total metal concentrations, limestone has the ability to 
remove dissolved metal ions. Thus, these units are thought to have the ability to remove a 
significant fraction of the dissolved metal load. 
Over the 25 monitored events average zinc event mean concentrations were reduced from 
an influent value of 98 µg/L to 29 µg /L in the 6 layer system to 12.5 µg /L in the 18 
layer system. Copper event mean concentrations were reduced from 25 µg/L to 12.2 µg/L 
and 9.6 µg/L, respectively. For chromium, concentrations were reduced from 18 µg/L to 
10.9 µg/L and 10 µg/L, respectively and for lead concentrations were reduced from 9 
µg/L to 1.0 µg/L and 0.2 µg/L, respectively. The authors concluded that DPF has 
potential to treat road runoff to high water quality standards. 
Wium-Anderson et al. (2012) investigated the ability of limestone to remove dissolved 
metals from solution. Since that study also investigated the ability of the material to 
remove dissolved phosphorus, the results are discussed in detail in the previous section 
on phosphorus removal. 
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Manganese and Manganese Oxide 
Shi et al. (2008) used ground, natural manganese ore (rhodochrosite) to remove lead and 
copper from solution. Like other adsorption studies, pH was found to greatly impact the 
adsorption process. Adsorption equilibrium was attained within 60 minutes and capacities 
were on the order of 1-5 mg/g for copper and 1-11 mg/g for lead. The authors concluded 
that diffusion of the metal ions into the bulk crystal was so difficult that it essentially did 
not occur and that all adsorbed metal ions were on the surface of the particles. 
Manganese oxide coated media (with the coating chemically applied under laboratory 
conditions) has been shown to remove metal ions from water and has similar adsorption 
properties as granular activated carbon and iron-oxide coated sand (Liu et al. 2004). 
Removal mechanisms include adsorption, surface complexation ion exchange, and 
filtration (Liu et al. 2005). In their study, Liu et al. (2004) coated polymeric media with 
manganese oxide and found that the coating significantly increased metal removal. Over 
50% of the metals (cadmium, copper, lead, and zinc) were removed in the first 30 
minutes with 90% removal occurring within 5 hours. Under conditions where the metals 
were combined and competing for adsorption sites, the amount of metals adsorbed in 
decreasing order were Pb > Cu > Cd > Zn. Also, at pH =7 the capacity for lead removal 
was found to be several times larger than that at pH = 6. 
In a later column study, Liu et al. (2005) compared manganese oxide coated materials 
(polymeric, cementitious materials, and sand) with iron oxide coated sand, silica sand, 
granular activated carbon, and cementitious material and found that the manganese oxide 
coated materials had the best overall behavior for removal of lead, copper, cadmium, and 
zinc. In these experiments the loading rates ranged from 20 to 80 L/m2-minute, which is 
typical for stormwater BMPs. 
Magnesium 
Zhu et al. (2009) used chromatographic silica gel as the host matrix and impregnated it 
with magnesium chloride. Granules were then dried for 3 hours and calcined at 773o K 
for 4 hours. The result was a material that had a capacity for metal adsorption 15 to 30 
times greater than silicon dioxide. At initial copper and nickel concentrations of 50 mg/L, 
more than 90% of the metal ions were removed after 8 hours at a pH value of 5 or above. 
Removal rates decreased as pH decreased below 5 as metal ions had to compete with 
hydrogen ions for sorption sites. If the metal removal process was all cation exchange, 
the removal would have been completed in a matter of minutes, not hours. Thus, the 
authors note that a process that is slower than ion exchange is also involved in the uptake 
of metals. Adsorption capacities also increased with temperature indicating endothermic 
adsorption processes are occurring.  
Wium-Anderson et al. (2012) investigated the ability of granular olivines (a magnesium 
iron silicate) to remove dissolved metals from solution. Since that study also investigated 
the ability of the material to remove dissolved phosphorus, the results are discussed in 
detail in the previous section on phosphorus removal. 
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Plant Biomass 
Various plant materials that have been investigated have demonstrated the ability to 
remove metal ions from aqueous solutions. For example, Al-Asheh et al. (2000) 
demonstrated that pine bark has the ability to remove cadmium, copper, and nickel ions 
from water. This study focused on which isotherm models fit best in single and multi-
metal solutions. Freundlich and Sips models most accurately modeled solutions with one 
metal ion. Solutions containing a combination of two metal ions, however, fit the 
Extended-Langmuir, Extended-Freundlich, and ideal adsorption solution theory (IAST) 
best.  
In general, bark is effective because of its large tannin content. The polyhydroxy 
polyphenol groups of tannin enable adsorption to occur as ion exchange takes place 
between metal cations and phenolic hydroxyl groups (Bailey et al. 1999). Tannins can 
also discolor water by releasing soluble phenols. Pretreatment with acidified 
formaldehyde, acid, base, or formaldehyde can prevent the water from becoming 
discolored. Peanut skins, walnut expeller meal, and coconut husks have similar metal 
removal capacity as bark. Other plant material with demonstrated metal removal 
capability include seaweed, peat moss, modified orange peel, mulch (from various types 
of bark), barley straw, manila grass, and dried wheat stem (Bailey et al. 1999, Jang et al. 
2005, Pehlivan et al. 2009, Tan and Xiao 2009, Kahn et al. 2009, Feng et al. 2009). The 
above-mentioned orange peel was modified by hydrolysis with a copolymer, which 
increased the adsorption capacity for copper to 289 mg/g, which was 6.5 times greater 
than the non-modified peel (Feng et al. 2009). The results of kinetic experiments on the 
modified orange peel are shown in Figure 1-8. 
The main parameters affecting copper and lead adsorption to barley straw were initial 
metal concentration, amount of adsorbent, contact time, and pH. The percent lead and 
copper adsorbed increased with increasing pH with the maximum adsorption occurring at 
a pH of 6. Equilibrium capacities were 4.64 mg/g for copper and 23.3 mg/g for lead after 
two hours (Pehlivan et al. 2009). Kinetic experiments performed on the barley straw are 
shown in Figure 1-9. 
In experiments reviewed by Bailey et al. (1999), seaweed had a capacity of 67 mg Cd/g 
seaweed and peat moss, due to large cation exchange capacity (CEC), had relatively large 
metal removal capacities of approximately 5 mg Cd mg/g, 44-119 mg Cr(VI)/g, and 20-
230 mg Pb/g. 
Algae’s (Synechocystis sp.) cadmium ion removal capabilities was investigated by Ozturk 
et al. (2009) who studied dried algae, immobilized and dried algae, and immobilized and 
live algae.  
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Figure 1-8. Effect of contact time on the adsorption of Cu (II) at pH = 5.0, temperature = 30 ◦C, and 
adsorbent concentration = 2 g/L (Feng et al. 2009). 
 
 
Figure 1-9. Effect of contact time on the adsorption of Cu (II) and Pb (II) at pH = 6.0, 
temperature = 25 ◦C,	  metal	  concentration	  =	  1	  mM,	  and	  adsorbent	  concentration	  =	  25	  g/L 
(Pehlivan et al. 2009). 
 
Immobilized algae were in the form of alginate gel beads. Dried algae had the largest 
capacity (75.7 mg Cd/g) compared to immobilized dried (4.9 mg Cd/g) and immobilized 
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live algae (4.3 mg Cd/g) with equilibrium being established in approximately 15 minutes. 
The optimum pH and temperature for removal was 7 and 25o C, respectively. Capacities 
dropped off at temperatures higher than 25o C; a phenomenon that was attributed to larger 
temperatures affecting the stability and configuration of cell walls and ionization of 
chemical functional groups. Also at small pH values, surface ligands are associated with 
H3O+ that restrict the approach of metal cations. 
Tan and Xiao (2009) investigated cadmium uptake by dried wheat stems that had been 
passed through a 100 mesh and were methanol esterified. In these experiments 200 mg of 
wheat stem was mixed with 50 mL of solution at cadmium concentrations ranging from 
0.1 to 1.2 mmol/L.  
Adsorption increased with increasing pH from 2 to 5 but remained constant at a value of 
0.030 mmol Cd/g from pH =5 to pH = 8, the maximum pH investigated. Kinetics were 
relatively rapid with 90% of cadmium being removed in the first 10 minutes and 95% 
removed in the first 20 minutes. As with other studies, carboxyl groups (COO-) were 
found to be important in the cadmium binding process as were hydroxyl (OH-) and O- 
ions.  
Demir and Bin-Shafique (2013) showed that copper and lead adsorption on to Juniper 
mulch could be increased by adding 8 mg/L of phosphate to synthetic stormwater that 
contained 8 µg/L of copper and lead. The addition of phosphate also decreased leaching 
of the metals when the Juniper mulch was washed with deionized water. The authors 
attributed this effect to the formation of low solubility metal phosphates. The authors 
packed columns with Juniper mulch and ran synthetic stormwater without the addition of 
8 mg/L phosphate through the mulch until breakthrough occurred. The process was 
repeated with synthetic stormwater containing 8 mg/L phosphate. Typical results for 
breakthrough curves are shown in Figure 1-10 and for leaching in Figure 1-11. In the 
figures, SW-F is data corresponding to stormwater without the addition of phosphate and 
SW-H is data corresponding to stormwater containing 8 mg/L phosphate.  
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Figure 1-10. Breakthrough curve for lead found by Demir and Bin-Shafique (2013), SW-F is 
stormwater without phosphate addition and SW-H is stormwater with 8 mg/L phosphate. 
 
Figure 1-11. Leaching results for lead found by Demir and Bin-Shafique (2013), SW-F is stormwater 
without phosphate addition and SW-H is stormwater with 8 mg/L phosphate. 
Cornu et al. (2013) assessed the ability of sugar beet pulp (SBP) used in horizontal flow 
gravel filters to remove dissolved copper from stormwater. Scaled filters were 
constructed to be 39 cm (15.4 in) long, 23 cm (9.1 in) wide, and 10 cm (3.9 in) high. The 
filters were filled with 6 kg (13.2 lb) of a sand-sediment mixture consisting of 80% (by 
weight) rolled washed sand measuring 0-4 mm (0-0.16 in) in diameter and 20% sediment 
collected from a stormwater basin in France. The SBP ability to remove dissolved copper 
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was investigated three different ways: 1) Batch experiments, 2) Mixing 100 g (0.22 lb) of 
sugar beet pulp with the gravel in the filter box and, 2) Packing the SBP at the outlet of a 
PVC column. In methods 2 and 3 above, water dosed with copper so that the amount of 
copper per gram of sand-sediment mixture was held constant at 0.5 mg copper per gram 
of sand-sediment mixture. There was also a control that consisted of sand-sediment 
mixture with no SBP. This resulted in the filter box experiments using water with a 
copper concentration of 2000 mg Cu/L and the column experiments using water with 200 
mg Cu/L. Results are shown in Figure 1-12. 
The results indicated that when the SBP was placed at the outlet, 73% of the copper 
remaining in solution at the outlet was fixed by the SBP. This increased the removal 
performance of the filter from 97.9% to 99.4%. When SBP was mixed with the sand-
sediment mixture, the copper removal efficiency decreased and the effluent also 
contained more dissolved organic carbon. Batch experiments and calculations confirmed 
that an increase in dissolved organic carbon (presumably from pectins in the SBP) 
promotes the mobilization of copper by complexing it in pore water. 
The authors concluded that SBP used in gravel filters has the ability to remove dissolved 
copper from contaminated water however care must be taken to optimize copper removal 
and prevent its release. 
 
Figure 1-12. Overall copper retention capacity of the model gravel filters. SS = sand-sediment 
mixture, SBP = sugar beet pulp (Cornu et al. 2013). 
Mwangi et al. (2012) assessed the performance of powdered maize tassels with respect to 
removing dissolved metal ions from water. Cadmium, copper, and lead, all at initial 
concentrations of 0.1 moles/L were investigated. It was found that functional groups on 
the tassels acted as binding sites with the ability to remove copper, cadmium, and lead 
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from solution. The tassels, however, also leached a large amount of organic substances 
that created a secondary pollution problem. The authors then chemically modified tassel 
material with a chelating agent that stabilized the tassels and reduced secondary pollution 
due to the release of dissolved organics. Metal concentrations were varied from 10-250 
mg/L and sorbent dose was varied from 0.01 to 0.25 mg/L and tests were conducted in 5 
mL vials. In general, within a pH range of 4.0-6.5, the modified tassel material was able 
to remove > 90% of all metals within 10 minutes. Although adding a chelating agent 
reduced the secondary pollution problem, it was not eliminated.  
Zeolites and Clays 
Zeolites and clays have adsorption capabilities that result from a net negative charge on 
the structure of fine-grain silicate minerals. In zeolites this negative charge results from 
Al3+ replacing Si4+ in the tetrahedral (Bailey et al. 1999). The negative charge is 
neutralized by the adsorption of positively charged species, giving zeolites and clay the 
ability to attract and hold metals cations. In zeolites, Na+, Ca2+, and K+ occupy spaces 
within the lattice structure and can be replaced by metals in an ion exchange process. 
Bailey et al. (1999) reported clay adsorption capacities of 4-16.5 mg Cd/g, 0.5-50 mg 
Cr(VI)/g, and 0.22 to 58 mg Pb/g with the value for Cr(VI) being the largest reported 
value for all substances reviewed. Fly ash has also been reported to have metal adsorption 
capability but a portion of fly ash (about 6%) has been documented to be clay (Zhang et 
al. 2008). 
Genc-Fuhrman et al. (2007) used batch studies (48 hours) to test naturally occurring 
Clinoptilolite, one of the most abundant of the naturally occurring zeolites, and found that 
its affinity for metal removal is in the order of Cu > Cd > Zn > Ni > As > Cr. Pitcher et al. 
(2004) investigated the ability of a synthetic zeolite and a natural zeolite, mordenite, to 
remove cadmium, copper, lead, and zinc from synthetic stormwater runoff and actual 
motorway runoff using batch studies with a contact time of 10 minutes. The synthetic 
zeolite removed greater than 91% of all metals from both solutions but increased sodium 
levels to 295 mg/L, which is significantly above the freshwater standard of 170 mg/L. 
The synthetic zeolite also increased the pH to between 8.5 and 9.0 regardless of the 
starting pH. Finally, the synthetic zeolite also removed calcium. This could be important 
because hardness is thought to be a factor in reducing the toxicity of metals. 
In Pitcher et al. (2004) mordenite was less effective than the synthetic zeolite tested; the 
mordenite removed 42% to 89% of all metals in synthetic stormwater and only 6% to 
44% in motorway runoff. As with many other sorbents the preference for adsorption was 
Pb > Cu > Zn ~ Cd. Seelsaen et al. (2006) tested seven different sorbents including one 
zeolite and found that zeolite removed 95% of zinc and 52% of copper in batch tests 
using synthetic stormwater at concentrations of 5 mg Cu/L and 27 mg Zn/L and a contact 
time of 24 hours. These concentrations are about 50 times greater than those typically 
found in stormwater runoff. Thus, the removal efficiencies may not directly correlate to 
typical stormwater metal concentrations. 
Wium-Anderson et al. (2012) investigated the ability of the zeolite Clinoptilolite to 
remove dissolved metals from solution. Since that study also investigated the ability of 
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the material to remove dissolved phosphorus, the results are discussed in detail in the 
previous section on phosphorus removal. 
Other Materials 
Mahmoud et al. (2010) used silica gel coated with chelating agents to remove cadmium, 
chromium, copper, iron, manganese, nickel, lead, and zinc from solution in batch studies 
with a contact time of 20 minutes which was long enough for equilibrium to be achieved. 
Silica gel was used because it is mechanically and thermally stable, experiences less 
swelling and shrinking, and is less susceptible to microbial effects compared to other 
organic polymers. It was found that optimum metal recovery occurred in the pH range of 
7 to 8.5, except for Cr(III) which experienced maximum removal at pH = 6. 
Hu et al. (2010) coated Fe3O4 microspheres with SiO2 to remove lead and mercury ions 
from industrial wastewater. Lead removal was greater than 95% at a pH of 6 (contact 
time was not reported). Mercury removal was slightly less than lead removal but still 
greater than 90%. The microspheres, due to their iron core, can be removed from solution 
by a magnet and can be regenerated in a weak acidic solution and reused. 
Munaf et al. (2009) used columns packed with perlite, a volcanic rock that expands up to 
30 times its original size when heated quickly from 800 to 1100o C and has surface 
hydroxyl groups, to remove cadmium, chromium, copper, and zinc from solution. 
Chemical analysis of the perlite revealed that it was approximately 72%-77% SiO2, 13%-
17% Al2O3, 4%-6% K2O, with the remaining constituents being miscellaneous materials. 
Loading rates and contact times were not reported. At a pH value of 6, chromium, 
copper, and zinc removal ranged from 75%-90% and cadmium removal was 75%. At a 
pH of 1.0, 83%-99% of all metals desorbed. 
Fly ash consisting of 38% SiO2, 18.4% silt, and 6% clay was used by Zhang et al. (2008) 
to remove copper, lead, and zinc from solution in batch (contact time of 24 hours) and 
column studies. The columns had a length of 14.3 cm with influent being pumped up 
through the column at 3 cm/hr. It was determined that a sand/fly ash mixture in a 
bioretention cell had the capacity to removal heavy metals from stormwater runoff for 
over 900 years. The mixture with 5% fly ash, however, initially increased the water pH to 
over 10 and the value remained above 9 after treatment of 240 pore volumes. 
Other material reviewed or discussed briefly in the literature includes bonemeal 
(Nwachukwa and Pulford 2008), sand, recycled glass, packing wood (Seelsaen et al. 
2006), sawdust waste, bagasse pith waste from sugar mills, maize cob waste, wool waste, 
and blast furnace slag (El-Geundi 1997).  
Contact times with conventional sand media in stormwater filters can be on the order of 
one to a few hours. Accounting for the fact that any enhancing agent added to filter media 
with the intent of capturing dissolved metals will probably be a small fraction (typically 
<10%) of the media by mass, contact times with the enhancing agent may be as low as 
three to five minutes (Erickson et al. 2010). Thus, in order to achieve significant levels of 
dissolved metal removal, removal kinetics must be relatively rapid. As previously 
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discussed, the enhancing agent must also be readily available, cost-effective, and not alter 
water quality parameters to unacceptable levels. This most likely means that the 
enhancing agent will not need to be modified in intensive laboratory procedures. Of the 
materials reviewed, ferrous-based materials, alumina, zeolites (if sodium leaching can be 
minimized), and some activated carbons appear to warrant further investigation. 
1.4. Conclusions 
There has been an increased emphasis on improving stormwater quality, particularly 
reducing the dissolved fraction of contaminant loads carried by stormwater runoff. The 
increased emphasis has stemmed from more stringent environmental regulations coupled 
with the fact that a significant fraction of contaminant loads is typically in dissolved form 
and the dissolved form is more bioavailable. As a result, interest in the effectiveness of 
stormwater treatment practices with regards to volume reduction through infiltration 
(which can reduce contaminant mass loads), retention of dissolved contaminants, and 
how to increase removal of dissolved contaminants from stormwater runoff has 
increased.  
The intent of this document is to provide both a review of the current state of stormwater 
treatment practices with regards to reducing dissolved contaminant loads and provide 
information on potential enhancing agents so that current research efforts can be focused 
on the most promising methods to remove dissolved contaminants from stormwater 
runoff. Thus, this report provides a literature review of the aforementioned topics with 
regards to volume reduction, dissolved nutrients (nitrogen and phosphorus), and 
dissolved metals (typically cadmium, chromium, copper, lead, nickel, zinc and some 
others). After a brief overview of typical stormwater treatment practices, a literature 
review covering the performance of stormwater treatment practices with regards to 
volume reduction is followed by a review of the performance of these practices with 
regards to nutrient and metal retention. Lastly, possible methods and/or enhancing agents 
with the potential to increase retention of dissolved contaminants within stormwater 
treatment practices are reviewed.  
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Chapter 2. Batch Studies 
2.1. Introduction 
Two sets of bath studies were performed as part of this project. The first, preliminary 
batch studies (Section 2.2), involved evaluation of 22 enhancing materials for capturing 
dissolved metals, phosphorus, and nitrogen. These preliminary batch studies were used to 
determine which enhancing materials should be studied further. The second, equilibrium 
batch studies (Section 2.3), involved studies of pollutant removal at various equilibrium 
concentrations for two enhancing materials.  
2.2. Preliminary Batch Experiments 
2.2.1. Methods and Materials 
Initial batch experiments were performed to determine which of several absorbent 
materials captured the most dissolved nitrate while also capturing at least some dissolved 
phosphorus and metals (cadmium, copper, lead, and zinc). For each batch test 
experiment, 500 mL borosilicate glass bottles were acid washed with 10% HCl, rinsed 
with ultrapure water (Milli-Q, 18.2 MΩ·cm), acid-washed with 10% oxalic acid, and 
rinsed again with ultrapure water. After drying, 500 mL of ultrapure water (Milli-Q, 18.2 
MΩ·cm) and inorganic salts were added and mixed to represent median values for natural 
stormwater (Maestre and Pitt 2005), as listed in Table 2-1. Hydrochloric Acid (0.06 M 
HCl) was added and the pH was measured with a Beckman 32 pH meter until the pH 
equaled the median stormwater pH of 7.4 (Maestre and Pitt 2005). While the median 
value for conductivity in natural stormwater is 121 µS/cm (Maestre and Pitt 2005), the 
measured conductivity of the synthetic stormwater was approximately 270 µS/cm due to 
the salts used to create the pollutant concentrations. Thus, the conductivity was not 
adjusted. Other parameters of natural stormwater such as suspended sediment, bacteria 
and pathogens, and organic material were not simulated in the synthetic stormwater so 
that 1) biological activity was minimized, 2) the variables were limited, and 3) particle 
interaction with dissolved compounds is to limited to the sorbents.  
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Table 2-1. Preliminary batch synthetic stormwater characteristics 
Component Target concentration (molarity) Source Compound 
Cadmium, Cd 0.5 µg/L (0.00445 µM) as Cd Cadmium Chloride (CdCl2 • 
2.5H2O) 
Copper, Cu 8 µg/L (0.126 µM) as Cu Cupric Sulfate (CuSO4 • 5H2O) 
Lead, Pb 3 µg/L (0.0145 µM) as Pb Lead Nitrate (Pb(NO3)2) 
Zinc, Zn 112 µg/L (1.71 µM) as Zn Zinc Chloride (ZnCl2) 
Nitrogen, N 600 µg/L (42.8 µM) as N Potassium Nitrate (KNO3) 
Phosphorus, P 120 µg/L (3.87 µM) as P Potassium Phosphate (K2HPO4) 
Hardness 39 mg/L (0.390 mM) as CaCO3 Magnesium Carbonate (4MgCO3 • 
Mg(OH)2 • 5H2O) 
Alkalinity 39 mg/L (0.390 mM) as CaCO3 Sodium Bicarbonate (NaHCO3) 
pH 7.4 Hydrochloric Acid (0.06 M HCl) 
 
Initial samples were collected and analyzed prior to adding sorbent to ensure accurate 
initial pollutant concentrations. Samples were labeled and stored in acid-washed glass 
vials. Samples analyzed for metals and phosphorus were dosed with 0.03 mL of 0.6 M 
HCl to adjust the pH to 2.0 or less to ensure any dissolved metals did not precipitate. 
Samples analyzed for nitrate were refrigerated until analysis was performed. 
Triplicate bottles were used for each sorbent, and 5 g of each of the following were added 
to bottles: 6 activated carbons, 1 activated alumina, C33 sand, 2 organic (peat) materials, 
5 ferrous oxides, 4 commercial sorption materials, and 3 steel products (raw & rusted).  
Batch test bottles (with sorbent) and blanks (no sorbent) were placed on a Labline Orbital 
Shaker table at 250 RPM. Samples were collected after mixing for 1 h and filtered 
through a 0.45 micron filter to remove particulates. Collected samples were analyzed for 
nitrate concentration colorimetrically using an Alpkem Rapid Flow Analyzer (RFA 
Methodology, 1986) and for metals and phosphorus by Inductively Coupled Plasma 
Optical Emission Spectrometer (ICP-OES) Methodology using a Thermo Scientific iCAP 
6500 duo optical emission spectrometer. 
2.2.2. Results and Discussion 
Initial batch tests revealed that most activated carbons, organic materials, and commercial 
enhancing materials capture dissolved metals (cadmium, copper, lead, and zinc) at typical 
stormwater concentrations (Figure 2-1 through Figure 2-4). Also, as mentioned in 
Chapter 1, compost and similar organic materials have been shown to capture dissolved 
metals and have significant capacity for retaining dissolved metals in stormwater. For 
these reasons, it was determined that additional research on metals removal from 
stormwater was unwarranted for this project.  
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Figure 2-1. Effectiveness of various enhancing materials for removing dissolved cadmium from 
synthetic stormwater. 
	  
Figure 2-2. Effectiveness of various enhancing materials for removing dissolved copper from 
synthetic stormwater. 
Enhanced Filter Media for Removal of Dissolved Contaminants from Stormwater 
Final Report – September 2014 
 2-4 
	  
Figure 2-3. Effectiveness of various enhancing materials for removing dissolved lead from synthetic 
stormwater. 
	  
Figure 2-4. Effectiveness of various enhancing materials for removing dissolved zinc from synthetic 
stormwater. 
The enhancing materials were also tested for phosphorus removal from synthetic 
stormwater, as shown in Figure 2-5. Several commercial products, ferrous oxide, and 
steel products capture phosphorus at typical stormwater concentrations. None of the 
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materials, however, appear to capture a significantly larger fraction of dissolved 
phosphorus compared to ferrous oxide and steel products. Also, as discussed in Chapter 
1, research on steel wool and iron shavings has shown long-term capacity for phosphorus 
removal in field applications. For these reasons, additional research on dissolved 
phosphorus was unwarranted in this project.  
	  
Figure 2-5. Effectiveness of various enhancing materials for removing dissolved phosphorus from 
synthetic stormwater. 
Of the 22 sorbents tested, four activated carbons captured a significant (>60%) fraction of 
nitrate (Activated Carbons #2, #4, #5, and #6), as shown in Figure 2-6. Activated carbons 
#1, #3, #5, and #6, however, also increase the dissolved phosphorus concentration by at 
least 100% (Figure 2-5), likely due to desorption of phosphorus from the activated 
carbon. In addition, activated carbon #3 only removed a minimal amount of cadmium 
(Figure 2-1). Thus, only activated carbons #2 and #4 capture a significant fraction of 
dissolved nitrate while also capturing (or not releasing) metals and phosphorus. These 
two activated carbons are Hydrodarco 3000 and Sub-bituminous CR830A and were 
selected for additional investigation.  
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Figure 2-6. Effectiveness of various sorbent materials for removing dissolved nitrate/nitrite from 
synthetic stormwater. 
2.3. Equilibrium Batch Experiments 
2.3.1. Activated carbon  
To prepare activated carbon, organic materials such as coconut, almond, walnut hulls, 
wood, bone, coal, etc. are first converted to char through a pyrolysis process in which the 
organic material is heated up to a red heat (~700°C) to remove hydrocarbons, but without 
enough oxygen to sustain combustion. The char particle is then exposed to gases such as 
steam and CO2 and high temperatures (800 – 900°C), which "activates" the surface and 
creates a porous structure with a large internal surface area. Activated carbon is 
commonly described as either powdered activated carbon (PAC, <0.074 mm) or granular 
activated carbon (GAC, >0.1 mm) (Metcalf & Eddy et al., 2003).  
Hydrodarco 3000  
One activated carbon evaluated in these experiments is an acid washed granular activated 
carbon called Hydrodarco 3000, which is manufactured by Norit (Table 2-2, Norit, 2012) 
through high temperature steam activation of lignite coal.  
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Table 2-2. Technical specifications for Hydrodarco 3000 (Norit, 2012)  
 
 
Sub-bituminous CR830A  
Another activated carbon evaluated in these experiments is CR830A, manufactured by 
Carbon Resources, which is a low density sub-bituminous carbon produced by high 
temperature steam activation of sub-bituminous coal (Table 2-3, Carbon-Resources, 
2010).  
Table 2-3. Technical specifications for Sub-bituminous CR830A (Carbon-Resources, 2010)  
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2.3.2. Methods and Materials  
Batch studies were performed with synthetic stormwater and the two activated carbons 
described above: Sub-bituminous and Hydrodarco. Synthetic stormwater was made to 
represent median pollutant characteristics of natural stormwater runoff (Pitt et al., 2005) 
with pH = 7.4 (adjusted with 0.2 M hydrochloric acid and measured with an Accumet 
Portable AP62 pH/mV meter and 8103BNUWP Orion Ross glass probe calibrated with 
standards at pH 4, 7 and 10), hardness = 39 mg/L as CaCO3, alkalinity = 39 mg/L as 
CaCO3, and several different NO3-N concentrations (range = 0.271 – 27.082 mg/L for 
Sub-bituminous and 0.589 – 58.922 mg/L for Hydrodarco). Hardness was verified at the 
University of Minnesota's Research Analytical Laboratory (RAL) for two samples: total 
hardness = 40.4 mg/l as CaCO3 in #1, and total hardness = 41.7 mg/L as CaCO3 in #2 
(target hardness = 39 mg/L as CaCO3).  
Triplicate 500 mL bottles were used for each initial nitrate concentration and each 
activated carbon (5 grams per bottle), while triplicate "blanks" and "adsorbent blanks" 
were used for each batch of bottles tested. A "blank" refers to a bottle containing only 
buffer solution and nitrate (no activated carbon), whereas an "adsorbent blank" refers to a 
bottle containing only buffer solution and activated carbon (no nitrate). Blanks were 
mixed with either 0.1 mg/L or 2.5 mg/L NO3-N. 
Bottles were placed on an orbital shaker table (LAB-Line Orbital shaker Model 3520 or 
unmarked model) at 150 RPM at room temperature (~21°C), and samples were collected 
at specific time intervals: initial (before adsorbent added), 0 hour (2 - 3 min. after 
adsorbent added), 24 hour, 48 hour, 72 hour, and 96 hour. Duplicate samples for each 
batch were also collected. All samples were filtered through a 0.45 µm filter and frozen 
until analysis could be completed. Samples from blanks were collected first, and then the 
samples were collected according to nitrate concentration, from low to high.  
Samples were analyzed for anions by ion chromatography according to the standard 
method "4110 Determination of anions by ion chromatography, 4110A introduction, 
4110B Ion chromatography with chemical suppression of eluent conductivity (Eaton et 
al., 1995)" using an Ion chromatograph (IC); a 761 compact IC was provided by 
Metrohm ion analysis including a 6.2832.000 suppressor rotor and a MetrosepAsupp 
5.150/4.06 mm 6.1006520 column.  
2.3.3. Results and Discussion  
Kinetics  
The concentration of chloride, nitrate, and sulfate as a function of time are shown in 
Figure 2-7, Figure 2-8, and Figure 2-9, respectively. The concentration of chloride was 
larger in bottles with Hydrodarco and Sub-bituminous compared to bottles without any 
enhancing materials (Figure 2-7). Chloride concentration in the blank (~15 mg/L) is 
expected because hydrochloric acid (HCl) is used to adjust the pH of each bottle. More 
chloride is present in bottles with Sub-bituminous and the chloride concentration appears 
to increase in bottles with Hydrodarco, though these results may be within the 
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measurement error. It is possible that chloride is desorbed from the activated carbons 
when placed in the ultrapure water.  
	  
Figure 2-7. Chloride concentration at specific time intervals (error bars = 1 standard deviation, 
initial = before enhancement added, 0 h = immediately after enhancement added)  
The nitrate (NO3-N) concentration decreases significantly from the initial (before 
enhancement added) to the 0 h (immediately after enhancement added) sample, and again 
from the 0 h to the 24 h sample (Figure 2-8). This confirms the results of the preliminary 
batch studies that these activated carbons capture nitrate, and also shows that nitrate is 
captured quickly. The nitrate concentration in both the Sub-bituminous and Hydrodarco 
bottles is near or below the nitrate concentration in the blank bottles.  
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Figure 2-8. Nitrate (NO3-N) concentration at specific time intervals (error bars = 1 standard 
deviation, initial = before enhancement added, 0 h = immediately after enhancement added) 
The sulfate concentration increases substantially from the initial sample to the 0 h and 24 
h samples in bottles containing Sub-bituminous and Hydrodarco, though no increase is 
observed in blank bottles (Figure 2-9). The increase in sulfate concentration is likely due 
to desorption of sulfate from the activated carbons, which may be due to large sulfate 
content in the source coal for these carbons. It is also possible that the increase observed 
in bottles with Hydrodarco is a result of the acid-washing component of the 
manufacturing process.  
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Figure 2-9. Sulfate concentration at specific time intervals (error bars = 1 standard deviation, initial 
= before enhancement added, 0 h = immediately after enhancement added) 
Equilibrium 
Figure 2-7, Figure 2-8, and Figure 2-9 show that chloride, nitrate, and sulfate reach 
equilibrium within 96 hours or less of mixing, as evidenced by the near constant 
concentration between the 72 h and 96 h samples. Though equilibrium may be achieved 
before 96 hours, it will be assumed that the bottles are at equilibrium at 96 hours for the 
following analysis.  
The equilibrium nitrate concentration after 96 hours of mixing with Sub-Bituminous 
activated carbon, normalized by the initial nitrate concentration, is shown in Figure 2-10. 
It is apparent that less nitrate concentration (as a percent) remains after mixing with Sub-
Bituminous when the initial concentration is larger. Typically, the equilibrium 
concentration increases as the initial concentration increases, but this is not true for this 
experiment with Sub-Bituminous. More explanation of this phenomenon is presented in 
the Isotherm section below.  
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Figure 2-10. Normalized nitrate concentration at equilibrium (Ce/C0) for various initial nitrate 
concentrations when mixed with Sub-Bituminous  
The equilibrium nitrate concentration after 96 hours of mixing with Hydrodarco activated 
carbon, normalized by the initial nitrate concentration, is shown in Figure 2-11. As 
expected, the equilibrium nitrate concentration increases as the initial nitrate 
concentration increases (with the exception of C0 = 55.52 mg/L NO3-N), which is 
different than the results for Sub-Bituminous (Figure 2-10). The exception to this trend 
(C0 = 55.52 mg/L NO3-N) is likely due to experimental error when one or more of the 
triplicate samples were lost or compromised.  
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Figure 2-11. Normalized nitrate concentration at equilibrium (Ce/C0) for various initial nitrate 
concentrations when mixed with Hydrodarco 
Initial, equilibrium, and normalized concentration for nitrate, chloride, and sulfate in 
experiments with experiments with Sub-Bituminous and Hydrodarco are listed in Table 
2-4 and Table 2-5. In general, the chloride concentration appears to be constant and 
independent of nitrate concentration or capture. Sulfate concentration appears to increase 
significantly, but independently of nitrate concentration or capture. Thus, no correlation 
between nitrate capture and chloride or sulfate concentrations is apparent from these data.  
Table 2-4. Initial, equilibrium (96 h), normalized concentration of nitrate, chloride, and sulfate in 
experiments with Sub-Bituminous 
Nitrate Concentration Chloride Concentration Sulfate Concentration 
Initial 96 h Ce/C0 Initial 96 h Ce/C0 Initial 96 h Ce/C0 
0.17 0.06 0.333 18.74 16.13 0.861 0.09 7.98 88.1 
0.38 0.19 0.507 28.47 42.23 1.484 N/A 11.49 N/A 
1.89 0.61 0.321 34.81 28.27 0.812 0.11 6.82 63.7 
5.60 2.66 0.475 35.78 34.26 0.957 0.18 9.92 53.7 
7.91 1.58 0.199 37.54 14.63 0.390 0.64 4.20 6.58 
12.60 1.27 0.100 35.84 6.45 0.180 0.21 2.30 10.9 
18.54 0.92 0.049 38.39 2.90 0.075 0.43 0.77 1.80 
24.79 1.18 0.048 40.43 3.24 0.080 0.42 1.34 3.23 
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Table 2-5. Initial, equilibrium, normalized concentration of nitrate, chloride, and sulfate in 
experiments with Hydrodarco 
Nitrate Concentration Chloride Concentration Sulfate Concentration 
Initial 96 h Ce/C0 Initial 96 h Ce/C0 Initial 96 h Ce/C0 
0.37 0.05 0.129 18.03 24.50 1.359 0.11 45.21 407.1 
0.64 0.18 0.277 22.18 47.37 2.136 N/A 57.56 N/A 
3.77 1.12 0.297 32.74 40.50 1.237 0.12 51.33 412.4 
13.15 6.42 0.488 35.93 44.79 1.247 0.16 56.46 354.9 
17.26 8.45 0.490 40.58 42.58 1.049 0.23 55.82 238.8 
27.32 16.44 0.602 41.68 46.17 1.108 0.60 60.47 100.2 
40.81 28.23 0.692 37.10 46.01 1.240 0.54 63.64 117.1 
55.52 3.64 0.066 44.71 5.60 0.125 0.52 6.32 12.2 
 
Isotherms  
The two most commonly used isotherm models are the Langmuir and Freundlich models. 
Each model is based on specific assumptions and is described below.  
Langmuir 
Assumptions made for the Langmuir isotherm (2-1) include: 
1. The adsorbent surface has a specific number of available sites with identical 
energy levels.  
2. The adsorption process has to be reversible where the rate of adsorption equals 
the rate of desorption when equilibrium is reached.  
3. Adsorption rate is proportional to the distinction between quantity adsorbed and 
quantity that actually can be adsorbed for a specific concentration, which is zero 
at equilibrium.  
One advantage of the Langmuir isotherm is that sorption capacity can be transferred 
between different experimental systems, such as batch and column studies. However, the 
assumptions made are not necessarily correct for the specific system studied. 
 (2-1) 
where:  x = mass of nitrate adsorbed (mg NO3-N) 
m = mass of activated carbon (g Media)  
a = empirical constant (mg NO3-N / g Media) 
b = empirical constant (L water/mg NO3-N) 
Ce = equilibrium concentration of nitrate (mg/L) 
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Freundlich 
The Freundlich isotherm is an empirical relation that is the most commonly used for 
activated carbon (2-2). 
 (2-2) 
where:  x = mass of nitrate adsorbed (mg NO3-N) 
m = mass of activated carbon (g Media)  
Kf = Freundlich capacity factor, (mg NO3-N / g Media)(L water/mg NO3-N)1/n 
1/n = Freundlich intensity parameter  
Ce = equilibrium concentration of nitrate (mg/L) 
 
Experimental Data and Application of Isotherm Models 
Equilibrium concentration was measured and sorption capacity was calculated as the ratio 
of the mass of nitrate captured to the mass of activated carbon in each bottle. From this 
data, isotherm plots were created (Figure 2-12 and Figure 2-13) and the most common 
isotherm models (Freundlich and Langmuir) were fit to the data, where applicable.  
	  
Figure 2-12. Sorption capacity (mg NO3-N/g Media) as a function of equilibrium concentration for 
Sub-bituminous 
The sorption capacity does not appear to correlate with the equilibrium concentration for 
the experiments conducted with Sub-Bituminous (Figure 2-12), and thus isotherm model 
parameters are not reported. As discussed previously in the Equilibrium section, the lack 
of correlation between sorption capacity and equilibrium concentration is atypical and 
may be the result of experimental error or other unknown explanation. There are too few 
data points to perform outlier analysis, which could reduce the scatter and result in a 
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correlation and application of isotherm models. In lieu of a correlation with equilibrium 
concentration, an average of the measured sorption capacities can be used to describe 
capture of nitrate by Sub-Bituminous activated carbon, which is 0.836 mg NO3-N/g 
Media. 
	  
Figure 2-13. Sorption capacity (mg NO3-N/g Media) as a function of equilibrium concentration and 
isotherm model fits for Hydrodarco 
The sorption capacity appears to weakly correlate (R2 < 0.6) with the equilibrium 
concentration for the experiments conducted with Hydrodarco (Figure 2-13). When fit to 
the Hydrodarco data, the resulting isotherm parameters are: a = 4.44 mg NO3-N / g Media 
and b = 0.07 L water/mg NO3-N for the Langmuir model; and K = 0.40 (mg NO3-N / g 
Media)(L / mg NO3-N)1/n and n = 0.64 for the Freundlich model. Alternatively, the 
sorption capacity can be estimated using Figure 2-13 for a known equilibrium 
concentration.  
2.4. Conclusion  
Batch studies determined that several enhancing agents such as commercial products and 
organic materials can remove a substantial amount of dissolved metals, and that iron-
based products can capture a significant fraction of dissolved phosphorus. In addition, 
batch studies determined that Hydrodarco 3000 and Sub-bituminous CR830A activated 
carbons can remove a substantial fraction of nitrate from synthetic stormwater. Capture 
of nitrate occurs in less than 24 hours, though likely within a few minutes. There is no 
apparent correlation between chloride, nitrate, and sulfate concentration in these 
experiments, though both Sub-Bituminous and Hydrodarco activated carbons increased 
the sulfate concentration in the experimental bottles. Data for the Sub-Bituminous 
experiments did not appear to fit any isotherm model, but an average sorption capacity of 
0.836 mg NO3-N/g Media was estimated. Data for Hydrodarco, however, could be 
weakly (R2 < 0.6) described by the Langmuir and Freundlich isotherms (see Figure 2-13) 
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and sorption capacity ranged from 0.25 – 4 mg NO3-N/g Media for nitrate concentrations 
ranging from 1 – 18 mg/L NO3-N.  
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Chapter 3. Column Studies and Descriptive Models 
3.1. Introduction  
Nitrate is associated with environmental concerns such as biological dead zones in 
marine environments and methemoglobinemia in infants. About 80% of all nitrogen 
species in surface runoff are dissolved (Taylor et al. 2005). Maestre and Pitt (2005) found 
that the median nitrate (NO3-N) concentration in urban surface runoff is 0.6 mg/L, but the 
concentration varies widely with winter measurements as large as 2.1 mg/L (Brezonik 
and Stadelmann 2002). Nitrate and orthophosphate concentrations are usually greater in 
agricultural runoff, while total dissolved solids and pH are normally greater in urban 
runoff (Coulter et al. 2004). Nitrate concentrations between 5 and 10 mg/L have been 
found in agricultural watersheds (Coulter et al. 2004, Stuntebeck et al. 2011). Unlike 
phosphates which bind to soils, dissolved nitrates are easily washed out (Sparks 2003) 
and thus nitrogen fertilizers are regularly applied to agricultural soils to supplement 
nitrate-deficient soils. As a result, nitrate concentrations in agricultural runoff have been 
shown to be larger after fertilization events (Lang et al. 2013).  
Nitrate can be removed from drinking water through ion exchange, reverse osmosis, 
electrodialysis, and chemical denitrification (Seidel et al. 2011, Shrimali and Singh 
2001). Although effective, these technologies have substantial maintenance requirements 
and might not be suitable for stormwater treatment. Biological denitrification and plant 
uptake have been used in rain gardens and constructed wetlands to reduce nitrate runoff 
(Hsieh et al. 2007, Tchobanoglous et al. 2004), but these processes require significant 
retention time and typically can only treat a portion of the runoff.  
Recent research suggests that dissolved nitrate can be removed from surface runoff 
through adsorption to activated carbon (Bhatnagar and Sillanpää 2011), but most of the 
current knowledge about nitrate sorption to activated carbon is based on batch studies. 
Clark (2000) reports a NO3- sorption capacity for activated carbon of 6 mg/g from batch 
studies, but only 0.3 mg/g in long-term breakthrough column studies and concludes that 
batch studies are not appropriate for estimating sorption capacity for field applications. 
The purpose of this Chapter is to present results from column studies intended to better 
understand nitrate removal in field applications.  
Recent research on dissolved nitrate removal by activated carbon has found a significant 
variability in sorption capacity, as listed in Table 3-1. Several factors impact selection of 
suitable enhancing media for nitrate removal, including: initial nitrate concentration, 
contact time, competing ions, mass of enhancing media, pH, and proper operation and 
maintenance (Bhatnagar and Sillanpää 2011).  
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Table 3-1. Nitrate adsorption capacity to various activated carbons (AC) and charcoals  
Adsorbent (Source) Average Sorption 
Capacity (mg/g) 
Contact 
Time 
Untreated AC (Demiral and Gündüzoglu 2010)   17 2 h 
AC treated with ZnCl2 (Demiral and Gündüzoglu 2010) 102 2 h 
Commercial AC (Mishra and Patel 2009)     1.22 10 min 
Wheat straw charcoal (Mishra and Patel 2009)     1.1 10 min 
Mustard straw charcoal (Mishra and Patel 2009)     1.3 10 min 
Bamboo powdered charcoal (Mizuta et al. 2004)     1.25  
Coconut shell AC treated with ZnCl2 (Namasivayam 
and Sangeetha 2005) 
  10.3  
Coconut shell AC (Ohe et al. 2003)     4.28  
Bamboo charcoal (Ohe et al. 2003)     1.51  
Impregnated almond shell AC (Rezaee et al. 2008) 165 2 h 
 
3.2. Methods and Materials  
3.2.1. Columns 
Vertical columns were constructed from a 31-cm long, 5-cm diameter clear PVC pipe 
designed to hold approximately 20 cm of mixed media (Figure 3-1). A sampling hole was 
drilled in the middle of each column and fit with 2 mm diameter tubing. In addition, 
sampling ports were located on the top and bottom of each column. A 5-cm gravel layer 
on top and bottom of the column distributes the influent water evenly across the cross-
section of media, supports the media, and allows adequate drainage. Each column was 
filled with 19-23 cm (150g) of activated carbon (five replicates) or 20 cm (~780 g) of C-
33 sand (one replicate).  
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Figure 3-1. Five Sub-Bituminous columns and one sand column (photo: Mikal Bredal)  
The exact height of media in each column was recorded and used to calculate the total 
media volume (AC + air). The pore volume was determined after completion of the 
experiments by drying the activated carbon for 24 hours at 105 °C and separating it from 
the gravel using a 4 mm E-11 USA standard sieve. The activated carbon was then added 
to a 1000 mL volumetric cylinder filled with 500 mL water and the total volume (AC + 
water) was recorded. The volume displaced by the activated carbon (solid volume) was 
subtracted from the total media volume (AC + air) to determine the pore volume (air).  
Tygon 3603 3/16-inch tubing connected an Easy-load Masterflex 7518-12 peristaltic 
pump to each column to ensure constant upward flow through the columns (Figure 3-2). 
Upflow was used to minimize air pockets in the filter media and promote contact between 
the enhancing media and nitrate in the synthetic stormwater. Some air pockets remained, 
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resulting in incomplete contact between the water and the activated carbon. Thus, the 
sorption capacities reported are likely less than the maximum sorption capacity of the 
activated carbon. In addition, air pockets will likely occur in field applications and 
therefore these results may represent field performance instead of ideal conditions. Flow 
rate varied from 15 – 25 mL/min (Sub-Bituminous) and from 20 – 25 mL/min 
(Hydrodarco) in these experiments. The peristaltic pumps collected supply water from a 
150-L supply tank. 
	  
Figure 3-2. Schematic of upflow column setup (adapted from Totsche et al. 2006)  
3.2.2. Synthetic storm water  
Synthetic stormwater was mixed to represent median storm water concentrations from 
Maestre and Pitt (2005) (Table 3-2). Because nitrate runoff from agricultural sources is a 
significant concern and a potential application of these filters is treatment of agricultural 
runoff, the nitrate concentration was increased to 5 mg/L NO3-N and the phosphorus 
concentration was increased to 0.25 mg/L PO4-P to better represent agricultural runoff.  
The solubility of calcium carbonate is small (~ 13 mg/L as CaCO3), though precipitation 
was observed at concentrations less than 10 mg/L as CaCO3. Therefore, only 5 mg/L 
calcium carbonate (CaCO3) was used in these experiments. To achieve the hardness 
target concentration of 135 mg/L as CaCO3 listed in Table 3-2, 130 mg/L as CaCO3 of 
MgCl2 was added to the synthetic stormwater. To achieve the alkalinity target 
concentration 39 mg/L as CaCO3 listed in Table 3-2, 34 mg/L as CaCO3 of sodium 
carbonate (Na2CO3) was added to the synthetic stormwater.  
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Table 3-2. Column study synthetic stormwater 
Component Target concentration (molarity) Source Compound 
Nitrogen, N 5 mg/L (0.357 mM) as N Potassium Nitrate (KNO3) 
Phosphorus, P 250 µg/L (8.07 µM) as P Potassium Phosphate (KH2PO4) 
Hardness 135 mg/L (1.35 mM) as CaCO3 Calcium Carbonate (CaCO3), 
Magnesium Chloride (MgCl2) 
Alkalinity 39 mg/L (0.390 mM) as CaCO3 Calcium Carbonate (CaCO3), 
Sodium Carbonate (Na2CO3) 
pH 7.8 – 8.1 (Not adjusted) 
Temperature 21 ± 2 °C (Not adjusted) 
3.2.3. Sampling and analysis  
Samples were collected at regular time intervals with 6 mL Luer lock syringes from the 
Luer lock sampling ports before and after the column. The samples were filtered through 
0.45-µm PTFE acrodisc CR filters and stored in sampling vials until analysis. Nitrate was 
analyzed colorimetrically using a QuickChem® FIA++ 8000 auto analyzer using a 
modified version of Lachat instruments (2003) QuickChem Method 10-107-04-1-C 
method. The preservation by sulfuric acid was excluded, because nitrates were measured 
less than two hours after sampling and unlikely affected by biological breakdown. 
Alkalinity was measured via titration with Bromcresol green indicator and hydrochloric 
acid (Eaton et al. 1995, method 2320B). For dispersion and contact time experiments 
with NaCl, the effluent conductivity was measured continuously with an Engineered 
Systems & Design model 72 conductivity meter.  
3.2.4. Experiments 
Five sets of experiments were performed and each experiment was performed 
continuously (no dry periods) until equilibrium (inflow concentration = outflow 
concentration). The first, sorption experiments, involved pumping deionized water 
through the columns at a constant flow rate (15 – 25 mL/min) for approximately 1 hour to 
remove any fine activated carbon particles, fully saturate the pore space in the activated 
carbon, and adjust the pumps prior to introducing synthetic stormwater. The supply was 
then immediately switched to synthetic stormwater (described below) and the experiment 
was continued until the column was in equilibrium with the influent synthetic stormwater 
(~10 – 14 hours). These sorption experiments were used to determine the sorption 
capacity of the activated carbon to remove nitrate.  
The second set of experiments, desorption experiments, involved pumping deionized (DI) 
and potable (tap) water through the same columns tested with the sorption experiments 
until equilibrium (~10 – 12 hours). These desorption experiments were used to determine 
how much of the previously captured nitrate would desorb if clean water passed through 
activated carbon that was used to treat stormwater.  
A third set of experiments, baseline experiments, involved pumping synthetic stormwater 
mixed without nitrate through activated carbon columns to determine how much, if any, 
nitrate is released from activated carbon.  
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A fourth set of experiments, competition experiments, involved isolating each of the 
pollutants (e.g., PO4-P) in the synthetic stormwater and dosing a single column of 
activated carbon (previously unused) with a mix of each pollutant and nitrate (NO3-N). 
The purpose of these experiments was to determine if nitrate competed with other ions in 
the synthetic stormwater for sorption sites on the activated carbon.  
A fifth set of experiments, dispersion and contact time experiments, involved pumping a 
conservative tracer (sodium chloride, NaCl) through some of the columns. Na+ and Cl- 
have a low sorption affinity for granular activated carbon (Crittenden et al. 2005) and 
therefore are assumed to be a conservative tracer. Measuring the passage of these ions 
through clean activated carbon columns can be used to estimate the dispersion and 
contact time of flow through the column experiments.  
3.2.5. Model Application 
Breakthrough in column studies depends on influent concentration, sorbent mass and 
sorption capacity, volume of water treated, and flow rate (Claytor and Schueler 1996). 
The Thomas model (3.1) is suitable for modeling breakthrough in columns studies with 
plug flow assuming Langmuir adsorption (Thomas 1948).  
 (3.1) 
C = effluent concentration (mg/L)  
C0 = influent concentration (mg/L) 
KTH = Thomas coefficient (L/mg·min)  
qmax = sorption capacity (mg/g)  
m = mass of sorbent (g)  
V = volume of treated water (L)  
Q = flow rate (L/min)  
To determine the best-fit values for the sorption capacity and the Thomas coefficient 
(KTH), the root mean square error (3.2) was minimized.  
 (3.2) 
3.2.6. Practical Application  
The expected lifespan of an enhanced media in a field application strongly depends on 
the rainfall, contributing area, and pollutant concentration, all of which vary significantly. 
To simplify calculation of expected lifespan, the water quality volume (WQV) can be 
estimated using (3.3) (Schueler 1987).  
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WQV = P • A • (0.009I + 0.05) (3.3) 
WQV = Water quality volume  
P = Rainfall 
A = Watershed Area 
I = Percentage of impervious cover  
3.3. Results & Discussion 
3.3.1. Dispersion and Contact Time 
The dispersion of dissolved ions and contact time of flow through the columns were 
measured using NaCl as a conservative tracer (Figure 3-3). Though the dispersion 
experiments were performed after most of the other experiments, they provide important 
information for the discussion that follows. Less than 15 minutes elapsed from the 
beginning of the experiment until NaCl concentration (measured as conductivity) began 
to increase in the effluent, which indicates that the contact time in the columns is 
approximately 15 minutes, which substantiates estimates calculated from the pore 
volumes and flow rates in Table 3-3 (contact time = pore volume / flow rate).  
	  
Figure 3-3. NaCl (conductivity) breakthrough curves for some of the columns  
Within 15 – 20 additional minutes (30 – 35 minutes total elapsed, Figure 3-3) the NaCl 
concentration had increased to equilibrium (influent = effluent), which indicates that the 
dispersion of NaCl in the columns is significant and spans approximately 15 – 20 
minutes. In ideal plug flow conditions, breakthrough is instantaneous and when 
dispersion is substantial, breakthrough would require substantially more time. Capture of 
nitrate by activated carbon (discussed below) required approximately 3 hours from the 
start of breakthrough until equilibrium. By comparison, dispersion (15 minutes) is 
minimal. Furthermore, Morgan (2011) showed that the flow through a similar column 
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setup was virtually equal to the plugflow. Thus, the data collected in these experiments 
are suitable for application of the Thomas model (assumed laminar plug flow).  
An overview of the column experiments is provided in Table 3-3. The Column IDs (e.g., 
A, B, C, etc.) will be used in most of the figures throughout the rest of this Chapter, so 
the reader is encouraged to refer back to Table 3-3 whenever necessary. Note that every 
attempt was made to keep water in the columns between experiments, but due to leakage, 
some columns drained inadvertently between experiments ("Yes" under "Drained 
Between Experiments?"). 
Table 3-3. Column overview (SB = Sub-bituminous, HD = Hydrodarco, SS = Synthetic Stormwater, 
DI = Deionized water, TW = Tap Water) 
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A SB 150 21.5 272 64.5% SS 18 DI 23 No 
B SB 150 21.5 282 66.8% SS 19 DI 22 No 
C SB 150 23 312 69.0% SS 16 TW 19 Yes 
D SB 150 22.5 322 72.8% SS 12    
E SB 150 21 292 70.9% SS 12 TW 25 No 
F Sand 778 20 113 28.7% SS 21    
G SB 150 22.5 342 77.4%   SS w/o NO3-N 22  
H SB 150 21 302 73.3%   SS w/o NO3-N 18  
I HD 150 19.5 243 63.4% SS 21 DI 21 Yes 
J HD 150 19 233 62.5% SS 21 DI 21 No 
K HD 150 19.5 233 60.8% SS 23 TW 22 No 
L HD 150 20.5 273 67.7% SS 25 TW 25 Yes 
M HD 150 19 243 65.2% SS 22    
N Sand 698 19.5 133 34.7% SS 24    
O HD 150 21.5 272 64.5%   SS w/o NO3-N 21  
P HD 150 20 263 66.9%   SS w/o NO3-N 27  
 
3.3.2. Sorption Experiments 
Five replicates of 100% activated carbon (AC) are shown in Figure 3-4 (Sub-Bituminous) 
and Figure 3-5 (Hydrodarco). The experiments indicate that both ACs captured 100% of 
the nitrates (C/C0 = 0) until approximately 10 pore volumes had passed through the 
columns. After 10 pore volumes, the effluent nitrate concentration increased and 
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exceeded the influent concentration (C/C0 > 1) at between 25 and 30 pore volumes for 
Sub-Bituminous (Figure 3-4) and between 20 and 30 pore volumes for Hydrodarco 
(Figure 3-5). The effluent concentrations peaked at 120% of the influent and then 
gradually decreased to equilibrium (C/C0 = 1) after approximately 60 pore volumes 
(Hydrodarco). The Sub-Bituminous experiment was terminated before all columns 
reached equilibrium. Additional experiments were performed to explain why the effluent 
nitrate concentration exceeded the influent (discussed later). Note in both Figure 3-4 and 
Figure 3-5 the 100% sand column quickly reached equilibrium with the influent, 
suggesting that sand has little, if any, capacity to remove nitrate from synthetic 
stormwater.  
	  
Figure 3-4. Breakthrough curves for nitrate for five Sub-Bituminous (SB) columns and one C-33 
sand column 
In general all five replicates produced similar results though slight variation is observed 
in Figure 3-4 and Figure 3-5. This could be due to variations in flow rate (Table 3-3) or 
trapped air pockets (or lack thereof). Slower flow rates produce longer contact times, 
allowing more nitrate to be captured by the activated carbon, which can explain columns 
that require more pore volumes before breakthrough occurs (e.g., Sub-Bituminous C & 
E). Air pockets limit contact and prevent nitrate capture by activated carbon, which can 
explain columns with slow flow rates that act like columns with larger flow rates (e.g., 
Sub-Bituminous D). The lack of air pockets promotes more contact and allows the 
activated carbon to capture more nitrate, which explains columns with large flow rates 
that act like columns with slow flow rates (e.g., Hydrodarco M). This illustrates that the 
flow rate and media contact time can significantly affect the overall efficiency of the 
filter, but for these experiments the variation is minimal.  
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Figure 3-5. Breakthrough curves for nitrate for five Hydrodarco (HD) columns and one C-33 sand 
column 
From the flow rate and nitrate concentration, the mass of nitrate removed by the activated 
carbon can be calculated and plotted as a function of pore volume, as shown in Figure 3-6 
(Sub-Bituminous) and Figure 3-7 (Hydrodarco). Note that when the mass of nitrate 
captured by the activated carbon is normalized by the mass of activated carbon in each 
column, the result is the sorption capacity (mg NO3-N / g Media). The sorption capacity 
increases approximately linearly because the flow rate and influent nitrate concentration 
are nearly constant and 100% nitrate is captured. After the linear increase, the sorption 
capacity peaks (~25 – 30 pore volumes for Sub-Bituminous; ~20 – 30 pore volumes for 
Hydrodarco) and then decreases to equilibrium (constant sorption capacity). Though the 
sorption capacity peaks, the sorption capacity at equilibrium is more representative of the 
sorption capacity that could be expected in field applications.  
For Sub-Bituminous (Figure 3-6), the equilibrium sorption capacity for 3 of the 5 
replicates is approximately 0.14 mg NO3-N / g Media. The other replicates (C and E) 
were previously identified as having slower flow rates, which allowed more contact time 
and more nitrate to be captured by the activated carbon, resulting in a larger sorption 
capacity (~0.18 mg NO3-N / g Media). For conservative estimates, it will be assumed that 
the sorption capacity of Sub-Bituminous activated carbon is approximately 0.14 mg NO3-
N / g Media. 
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Figure 3-6: Normalized sorption of nitrate to activated carbon for five replicates (Sub-Bituminous) 
compared to 100% sand 
	  
Figure 3-7: Normalized sorption of nitrate to activated carbon for five replicates (Hydrodarco) 
compared to 100% sand 
For Hydrodarco (Figure 3-7), the equilibrium sorption capacity for 4 of the 5 replicates is 
approximately 0.12 mg NO3-N / g Media. The other replicate (M) was previously 
identified as possibly having better contact between the activated carbon and the 
synthetic stormwater, resulting in a larger sorption capacity (~0.17 mg NO3-N / g Media). 
For conservative estimates, it will be assumed that the sorption capacity of Hydrodarco 
activated carbon is approximately 0.12 mg NO3-N / g Media. 
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3.3.3. Competition Experiment 
As previously mentioned, the effluent nitrate concentration exceeded the influent 
concentration (C/C0 > 1) after 20 – 30 pore volumes for both the Sub-Bituminous (Figure 
3-4) and Hydrodarco (Figure 3-5) columns. The effluent concentrations peaked at 120% 
of the influent before gradually decreasing to equilibrium (C/C0 = 1). This phenomenon 
is atypical for column studies in the literature, but can be explained by competition of 
ions for sorption on the activated carbon. Additional experiments were performed to test 
this hypothesis, which involved isolating each of the source compounds (e.g., KH2PO4) 
used to represent pollutants (e.g., PO4-P) or water chemistry (e.g., alkalinity) in the 
synthetic stormwater (Table 3-2) and dosing a single column of activated carbon 
(previously unused) with a mix of each source compound and nitrate (NO3-N), as shown 
in Figure 3-8 and Figure 3-9. These experiments were only performed on Hydrodarco 
because it is assumed that the Sub-Bituminous would react similarly to these experiments 
and because these experiments were not used to quantify performance of the media, only 
demonstrate the process of ion competition.  
 
Figure 3-8: Normalized nitrate concentration for isolated source compounds and activated carbon 
(Hydrodarco) (see Table 3-2 for pollutants and source compounds) 
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Figure 3-9: Normalized sorption of nitrate to activated carbon for isolated source compounds and 
activated carbon (Hydrodarco) (see Table 3-2 for pollutants and source compounds) 
First, it is important to note the columns dosed with NO3-N (KNO3) only, KH2PO4, and 
CaCO3 perform similar to each other and do not exceed the influent nitrate concentration 
(C/C0 < 1). The column dosed with MgCl2 appears to slightly exceed the influent 
concentration (C/C0 ~ 1.05), but this may be within the measurement error and thus will 
not be used to draw conclusions. The column dosed with Na2CO3 is the only column that 
appears to increase to a normalized nitrate concentration (C/C0) of 1.2, similar to the 
columns in Figure 3-4 and Figure 3-5. This suggests that either sodium (Na+) or 
carbonate (CO32-) is competing with nitrate, but carbonate is more likely than sodium 
because carbonate and nitrate are both negatively charged.  
It is also important to note that breakthrough required substantially more pore volumes in 
this experiment (Figure 3-8) compared to previous experiments (Figure 3-4 and Figure 
3-5). The columns dosed with NO3-N (KNO3) only, KH2PO4, and CaCO3 reached 
equilibrium (100% breakthrough) at approximately 200 pore volumes and the column 
dosed with Na2CO3 required approximately 100 pore volumes before the effluent 
concentration exceeded the influent concentration (C/C0 > 1). By comparison, previous 
experiments required at most 30 pore volumes before the effluent concentration exceeded 
the influent concentration (C/C0 > 1).  
The sorption capacity is also substantially larger for the isolated pollutant experiment 
(Figure 3-9) compared to previous experiments (Figure 3-6 and Figure 3-7). This 
suggests that competition of ions in the previous experiments is significant, because the 
activated carbon captures more nitrate when the pollutants are isolated compared to the 
fully mixed synthetic stormwater. Also, because the columns dosed with KH2PO4 and 
CaCO3 perform similarly to the column dosed with NO3-N (KNO3) only, it can be 
assumed that KH2PO4 and CaCO3 do not compete with nitrate for sorption to activated 
carbon.  
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From the experiment shown in shown in Figure 3-8 and Figure 3-9, it can be inferred that 
before any breakthrough occurs (C/C0 = 0), nitrate (NO3-) and carbonate (CO3-) are 
sorbed onto the activated carbon. As sorption sites begin to fill (C/C0 > 0), the carbonate 
begins to outcompete the nitrate, causing the effluent nitrate concentration to exceed the 
influent nitrate concentration (C/C0 > 1). The reason that competition is not evident in the 
column dosed with CaCO3 could be because the carbonate concentration is a factor of ~7 
less than the column dosed with Na2CO3 (5 mg/L of CaCO3 vs. 34 mg/L Na2CO3 as 
CaCO3). 
3.3.4. Desorption Experiments  
The result of the sorption experiments was columns in equilibrium (i.e., saturated) with a 
nitrate concentration of ~5 mg/L NO3-N. Desorption experiments were performed to 
determine how much, if any, nitrate would desorp in the presence of nitrate-free water by 
pumping deionized water and potable (tap) water through the saturated columns. The 
background concentration of nitrate in tap water was measured as approximately 0.9 
mg/L (0.2 C/C0), which is within the range of 0.13 – 1.05 mg/L NO3-N reported by the 
City of Minneapolis Water Treatment and Distribution Services (2012).  
As shown in Table 3-3, each desorption experiment included two additional columns that 
were constructed and dosed with synthetic stormwater without nitrate. The desorption 
experiments' results are shown in Figure 3-10 and Figure 3-11. Note that the effluent 
nitrate concentration was normalized by the influent nitrate concentration from Figure 
3-4 and Figure 3-5. Also note that the columns dosed with nitrate-free water did not 
release any background nitrate, suggesting no adjustment to the sorption experiments for 
bias is required.   
	  
Figure 3-10: Nitrate concentration (normalized by the influent nitrate concentration from Figure 
3-4) for replicates of Sub-Bituminous dosed with deionized (DI), potable (Tap), and nitrate-free 
synthetic stormwater 
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Initially, the effluent concentration is between 60% and 120% of the influent 
concentration from the sorption experiments for the columns with Sub-Bituminous 
(Figure 3-4). Within 50 pore volumes, the effluent concentration was less than 20% of the 
sorption experiment influent. Note that the background nitrate concentration in tap water 
is approximately 1 mg/L (0.2 C/C0), so it is likely that the columns dosed with tap water 
(C & E) are in equilibrium. It is also likely that the columns dosed with DI water (A & B) 
are also in equilibrium because the normalized concentration is nearly constant.  
	  
Figure 3-11: Nitrate concentration (normalized by the influent nitrate concentration from Figure 
3-5) for replicates of Hydrodarco dosed with deionized (DI), potable (Tap), and nitrate-free synthetic 
stormwater 
The effluent concentration in the columns with Hydrodarco was initially between 20% 
and 90% of the influent concentration from the sorption experiments for the columns 
with Hydrodarco (Figure 3-5). Within 30 – 40 pore volumes, the effluent concentration 
was less than 10% of the sorption experiment influent and likely at equilibrium because 
the normalized concentration is nearly constant.  
From the flow rate and nitrate concentration, the mass of nitrate desorbed from the 
activated carbon can be calculated and plotted as a function of pore volume, as shown in 
Figure 3-12 (Sub-Bituminous) and Figure 3-13 (Hydrodarco). The mass of nitrate 
desorbed was normalized by the mass of nitrate captured in the sorption experiments 
(Figure 3-6 and Figure 3-7) to illustrate the fraction of previously sorbed nitrate that is 
desorbed.  
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Figure 3-12: Fraction of nitrate mass released from Sub-Bituminous by desorption in deionized (DI) 
and potable (Tap) water 
	  
Figure 3-13: Fraction of nitrate mass released from Hydrodarco by desorption in deionized (DI) and 
potable (Tap) water 
For Sub-Bituminous (Figure 3-12), nitrate is steadily desorbed when exposed to DI and 
tap water until equilibrium at about 50 pore volumes. For three of the four replicates, 
60% – 70% of the previously sorbed nitrate is desorbed. For the other replicate, only 35% 
of the previously sorbed nitrate is desorbed. Table 3-3 shows that this column (C) was 
drained between the sorption and desorption tests while the other columns were not 
drained. It is possible that the nitrate in the pore water that was lost in drainage from 
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column C accounts for the difference between this and the other replicates. The sorption 
capacity determined by the sorption experiments of Sub-Bituminous replicate C (Figure 
3-6) was 0.18 mg NO3-N / g Media. Assuming an influent concentration of 5 mg/L NO3-
N and a pore volume of 312 mL (Table 3-3), the mass of nitrate in one pore volume is 
approximately 1.56 mg. When this is normalized by the mass of activated carbon in each 
column (150 g), approximately 0.01 mg NO3-N / g Media could have been lost to 
drainage, which represents approximately 5.8% of the previously sorbed nitrate. Thus, it 
is unlikely that the volume lost to drainage accounts for the difference between replicate 
C and the other replicates. It is, however, possible that the drainage created air pockets in 
areas of the activated carbon that were previously saturated. This would prevent 
previously captured nitrate from being exposed to tap water, and thus not removed.   
For Hydrodarco (Figure 3-13), two of the four replicates (I & J) steadily desorbed when 
exposed to DI and tap water until equilibrium at about 50 pore volumes, releasing 
approximately 40% (I) and 80% (J) of their previously sorbed nitrate. Table 3-3 shows 
that column I was drained between the sorption and desorption tests while the other 
column (J) was not. A calculation similar to that performed for column C in the previous 
paragraph can be performed on column I, which determines that approximately 7.4% of 
the previously captured nitrate would be stored in the pore volume. Thus, it is unlikely 
that the volume lost to drainage accounts for the difference between replicates I and J. It 
is, however, possible that the drainage created air pockets in areas of the activated carbon 
that were previously saturated. This would prevent previously captured nitrate from being 
exposed to tap water, and thus not removed.  
One the other Hydrodarco replicates (Figure 3-13), K, initially appears to desorb up to 
30% of its previously sorbed nitrate, but then appears to begin removing nitrate from the 
influent tap water. The last Hydrodarco replicates, L, does not appear to desorb any 
previously captured nitrate and in fact begins removing nitrate from the influent tap water 
from the beginning of the experiment. One column was drained between experiments (L), 
and one was not (K). It is unclear why these columns behave in this manner.  
The drainage of columns I and L may explain why the initial normalized nitrate 
concentration for these columns in Figure 3-11 is considerably less than the two 
replicates (J & K) that were not drained (20% – 30% vs. 80% – 90%).  
The desorption experiments show that up to 70% of the previously sorbed nitrate could 
be desorbed when clean water is passed through a filter with Sub-Bituminous activated 
carbon, or up to 80% for a filter with Hydrodarco activated carbon. This is a significant 
concern for stormwater treatment because the concentration of nitrate in stormwater 
varies significantly. For storm events with low influent nitrate concentration, any sorbed 
nitrates present in the media could desorb and be released with the effluent.  
3.3.5. Thomas Model Application 
As previously stated, the Thomas model (Thomas 1948) was applied to the sorption 
experiment data collected in this study. The purpose for applying the Thomas model is to 
determine if the model can be used to predict and estimate the performance of an 
activated carbon filter for capturing nitrates. If the Thomas model is suitable for this 
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application, it could be used for comparison to other filter media and projecting 
performance for field applications. The Thomas model was fit to the data by adjusting the 
sorption capacity (qmax) and Thomas coefficient (KTH) until the RMSE (3.2) was 
minimized. The resulting best-fit Thomas model predictions are shown with the data in 
Figure 3-14 and Figure 3-15 for individual replicates, and in Figure 3-16 and Figure 3-17 
for all replicates of each activated carbon. 
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Figure 3-14. Thomas model fit to each Sub-Bituminous column  
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Figure 3-15. Thomas model fit to each Hydrodarco column  
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Figure 3-16: Thomas model fit to all data from five Sub-Bituminous replicates  
	  
Figure 3-17: Thomas model fit to all data from five Hydrodarco replicates 
It is apparent from Figure 3-14 – Figure 3-17 that the Thomas model cannot be used to 
predict the desorption of nitrate that occurs between 100% breakthrough (~30 pore 
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volumes) and equilibrium (~ 50 – 80 pore volumes), because this is atypical behavior for 
column studies and not represented in the Thomas model. The Thomas model does, 
however, predict the rest of the data well as shown in Figure 3-14 – Figure 3-17 and 
demonstrated by the RMSE reported in Table 3-4. 
Table 3-4. Thomas constants and sorption capacities (all columns)  
Sorption Capacity  
(mg NO3-N/g Media) 
Column Experiments Thomas Model, qmax 
Thomas 
Coefficient, 
KTH RMSE 
Sub-Bituminous 
A 0.140 0.168 4.604 0.055 
B 0.125 0.168 4.923 0.072 
C 0.182 0.221 5.227 0.108 
D 0.151 0.174 3.963 0.065 
E 0.190 0.202 3.383 0.062 
Average of 5 Replicates 0.158 0.187 4.420 0.180 
Standard Deviation of 
5 Replicates 0.028 0.024 0.745 N/A 
Best-fit to all data N/A 0.187 2.310 0.141 
Hydrodarco 
I 0.113 0.161 12.688 0.116 
J 0.108 0.146 12.712 0.085 
K 0.125 0.163 11.461 0.092 
L 0.123 0.169 10.267 0.103 
M 0.164 0.214 9.245 0.098 
Average of 5 Replicates 0.127 0.171 11.275 0.135 
Standard Deviation of 
5 Replicates 0.022 0.026 1.519 N/A 
Best-fit to all data N/A 0.180 6.086 0.119 
 
The Thomas model was fit to both individual replicates (Figure 3-14 and Figure 3-15) 
and to the data from all the replicates (Figure 3-16 and Figure 3-17). There are, however, 
two methods for fitting the Thomas model to the data from all replicates: 1) use the 
average of the Thomas parameters from the replicates, or 2) best-fit the Thomas directly 
to all the data. The results from both methods are shown in Figure 3-16 and Figure 3-17 
as well as listed in Table 3-4.  
Visually, the average parameters from the five replicates appears to better represent the 
data for both Sub-Bituminous (Figure 3-16) and Hydrodarco (Figure 3-17), though the 
RMSE is slightly less when the Thomas model is fit directly to the data (0.180 vs. 0.141 
for Sub-Bituminous, 0.135 vs. 0.119 for Hydrodarco) as listed in Table 3-4. Also, the 
sorption capacities estimated from the Thomas model best-fit are between 5% – 40% 
larger than the sorption capacities calculated directly from the experiments, which is a 
reasonable correlation.  
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3.4. Conclusions  
Extensive column studies were performed and found that Hydrodarco 3000 and Sub-
bituminous CR830A activated carbons can capture a substantial fraction of dissolved 
nitrate in an upflow system. The contact time in the columns was approximately 15 
minutes and dispersion was minimal compared to the time required for breakthrough (i.e., 
nearly plug flow). The experiments determined that conservative estimates of the sorption 
capacity were 0.14 mg NO3-N/g Media for Sub-Bituminous and 0.18 mg NO3-N/g Media 
for Hydrodarco with an influent concentration of approximately 5 mg/L NO3-N, though 
up to 70% or 80%, respectively, of the captured nitrate could be desorbed if the filter is 
exposed to clean water after capturing nitrate.  
The experiments also showed that nitrate ions competed with other ions (primarily 
carbonate) for sorption to the activated carbons, and desorption of nitrate occurred when 
the activated carbons became saturated. Finally, the Thomas model was found to 
adequately predict nitrate removal by activated carbon (RMSE = 0.055 – 0.180) and 
values for Thomas model parameters (sorption capacity and Thomas coefficient) are 
reported in Table 3-4. In addition, sorption capacities estimated from the Thomas model 
were 5% – 40% larger than sorption capacities calculated directly from the experiments.  
The lifespan for a filter containing either of these activated carbons was estimated to be 
up to 40 storm events with a rainfall depth of 5 cm (2 inch) for a filter than is 5% of the 
contributing watershed. Additional research is needed to determine if this is cost-
effective, or if sorbed nitrate can be denitrified between storm events to increase capacity 
and expand the lifespan of activated carbon filters for nitrate removal.  
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Chapter 4. Field verification studies 
4.1. Introduction 
Field verification studies were conducted to reveal how the treatment technology 
developed in the laboratory as part of this study could be expected to perform in field 
applications. Laboratory studies (Chapters 2 & 3) are often performed under ideal 
conditions to understand the fundamental mechanisms, but performance under field 
applications can be significantly different than laboratory performance due to the 
complexity of the natural environment, which is not replicated precisely in the laboratory. 
The complexity of the natural environment, however, also produces significant 
uncertainty in performance data and typically requires many samples, a long study 
period, or both.  
To achieve verification of laboratory data in a field application without the significant 
effort and expense of a pilot or full field study, this project determined that capturing 
stormwater and transporting it to the laboratory for experiments achieved a similar result 
with less uncertainty. The treatment technology (i.e., mixed media) developed as part of 
this project is the same whether installed in the laboratory or in the field, though possibly 
at different scales. The results, however, are reported on a per mass basis so as to be 
independent of scale and thus useful at any scale. Therefore, the primary difference 
between laboratory studies and field studies of stormwater treatment is the stormwater 
properties and chemistry. By capturing natural stormwater and transporting it to the 
laboratory, the performance of a treatment technology can be measured under the 
complexity of natural stormwater without many of the challenges of a field study.  
4.2. Methods and Materials 
Due to time constraints and lack of rainfall when experimental equipment was available 
for testing, river water was collected at St. Anthony Falls Laboratory on August 21, 2014 
in lieu of stormwater runoff. The concentration of nitrate in the river water was measured 
to be 0.404 mg/L NO3-N, which closely approximates the median stormwater 
concentration of 0.6 mg/L NO3-N (Maestre and Pitt 2005). The river water was 
supplemented with additional nitrate to an average concentration of 4.2 mg/L KNO3-N to 
be comparable to previous experiments.  
In addition to nutrient concentration, another primary difference between river water and 
natural stormwater is biological activity. River water typically is in the environment 
longer than stormwater and thus aquatic organisms such as algae have had the 
opportunity to grow. Though algae were visibly present in the river water, the experiment 
was performed over a short period of time (a few hours) and thus biological activity 
during the experiment would be minimal and likely negligible. Therefore, river water is 
considered a close approximation to natural stormwater for this experiment.  
River water was collected in a 211-L plastic supply tank, granular KNO3 was added, and 
the water was mixed thoroughly with a propeller mixer. Once mixed, the water was 
conveyed by gravity to a second 211-L supply tank, where it was then pumped into the 
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column distribution apparatus. The supply tank was filled a total of five times for this 
experiment. The supply tank and mixer are shown in Figure 4-1. 
	   	  
Figure 4-1. Supply tank (left) and propeller mixer (right)  
Five vertical gravity-flow (down) columns were constructed from a 31-cm long, 5-cm 
diameter clear PVC pipe designed to hold approximately 15 – 20 cm of mixed media. A 
5-cm gravel layer on top of the column distributes the influent water evenly across the 
cross-section of media and a 5-cm gravel bed in the bottom of each column supports the 
mixed media and allows adequate drainage. Water was routed to all five columns with a 
minimum of 5 cm of water above the top of the gravel layer and excess water was routed 
through an overflow back into the supply tank. Flow into the columns was gravity-driven 
and was not restricted entering or leaving the column so as to replicate field operation. 
The experimental columns are shown in Figure 4-2. 
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Figure 4-2: Column Experiment and flow distribution system 
The mixed media tested in this field verification study included one replicate of C-33 
concrete sand (A.S.T.M. 2002), two replicates of Hydrodarco 3000 M-1783 activated 
carbon, and two replicates of CR830A Low Density Sub-Bituminous activated carbon. 
Table 4-1 lists the parameters of the mixed media used for these experiments.  
Table 4-1. Media parameters 
Description Media Mass (g) Bulk Volume 
(mL) 
Volume of 
Solids (mL) 
Pore Volume 
(mL) 
Sub-bituminous (1) 150.05 450 135 315 
Sub-bituminous (2) 150.20 440 135 305 
C-33 Sand 450.0 260 185 80 
Hydrodarco (1) 150.08 380 110 270 
Hydrodarco (2) 150.03 380 120 260 
 
Samples were collected at regular intervals from the overflow (influent) to represent the 
concentration of water entering the columns at the time the sample was collected. 
Samples were also collected at the same intervals after the water passed through the 
gravel layers and mixed media and exited the column from the bottom. Flow rate was 
measured volumetrically as water exited the columns and recorded.  
4.3. Results & Discussion 
Table 4-2 and Table 4-3 list the physical parameters (Part I) and sorption parameters (Part 
II) for the column (upflow) and field verification (gravity flow) experiments. The column 
experiments are described in detail in Chapter 3. Though the media mass was similar for 
the column and field verification experiments, the flow rate, volume treated, and sorption 
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characteristics were significantly different. The column experiments (upflow) were 
controlled by pumps at the nearly constant flow rate listed in Table 4-2 while the field 
verification experiments experienced unrestricted gravity flow with at least 5 cm of water 
on top of the gravel layer. Thus, the flow rate in the field verification experiments 
(gravity flow) was nearly two orders of magnitude (~96 times) larger than the column 
experiments, resulting in considerably more water (pore volumes) treated.  
Table 4-2. Comparison of Column Experiments Part I: Physical Parameters (average of all 
replicates)  
Description Number of 
Replicates 
Media Mass 
(g) 
Flow Rate 
(mL/min) 
Pore Volume 
(mL) 
Pore Volumes 
Treated 
Sub-bituminous 
(upflow) 
5 150 15.49 196.0 43.1 
Sub-bituminous 
(gravity flow) 
2 150.13 1,468 310.0 794.3 
Hydrodarco 
(upflow) 
5 150 22.23 245.4 70.7 
Hydrodarco 
(gravity flow) 
2 150.06 2,148 265.0 1,344.9 
C-33 Sand 
(upflow) 
2 778.7 22.73 122.8 147.3 
C-33 Sand 
(gravity flow) 
1 450.0 414 80 860.6 
 
Table 4-3. Comparison of Column Experiments Part II: Sorption Parameters (average of all 
replicates) 
Sorption Capacity (mg NO3-N/g 
Media) 
Description Influent 
Concentration 
(mg/L NO3-N) 
Nitrate 
Captured 
(mg) Experiments  Thomas Model  
Thomas 
Constant 
(KTH) 
Sub-bituminous 
(upflow) 
4.73 23.64 0.158 0.207 (+31%) 2.94 
Sub-bituminous 
(gravity flow) 
4.24 46.94 0.313 0.307 (-2%) 139.2 
Hydrodarco 
(upflow) 
5.14 19.01 0.127 0.180 (41%) 6.18 
Hydrodarco 
(gravity flow) 
4.24 52.23 0.348 0.338 (-3%) 72.6 
C-33 Sand 
(upflow)  
4.94 0.27 0.005 N/A N/A 
C-33 Sand 
(gravity flow) 
4.24 0 0 N/A N/A 
 
It is important to note that the average flow rate of the Sub-bituminous replicates is 
smaller (1468 mL/min) than the Hydrodarco replicates (2148 mL/min) for gravity flow 
conditions (Table 4-2). This is because the flow rate for one of the two Sub-bituminous 
replicates decreased from 3,210 mL/min to 145 mL/min over the course of the 
experiment, resulting in an average flow rate of 716 mL/min. By comparison, the average 
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flow rate of the other Sub-bituminous replicate was 2219 mL/min, which is more 
consistent with the flow rate of the Hydrodarco replicates (average = 2148 mL/min). 
The contact time between the ions in the water and the activated carbon for the field 
verification experiments is similar to the contact time expected for field applications 
because gravity flow is the primary mechanism for both. In these experiments, however, 
the contact time for the field verification experiments was significantly less than the 
contact time for the column experiments. Less contact time often results is less removal 
of ions from the water, but this is not true for nitrate when comparing the field 
verification (sorption capacity = 0.31 & 0.35 mg NO3-N/g Media for Sub-Bituminous 
and Hydrodarco, respectively) and column experiments (sorption capacity = 0.16 & 0.13 
mg NO3-N/g Media for Sub-Bituminous and Hydrodarco, respectively). This suggests 
that the activated carbons tested in this study will perform better in field applications than 
the column studies (Chapter 3) might suggest.  
The sorption capacity of the field verification experiments (gravity flow) was larger than 
the sorption capacity of the column experiments (upflow), as listed in Table 4-3. The 
inflow concentration varied slightly between experiments (range = 4.24 – 5.14 mg/L 
NO3-N), though the primary differences between experiments were the flow rate (as 
described above), the direction of flow (upflow vs. downflow), and the composition 
(synthetic stormwater vs. natural river water).  
In addition to contact time (described above), the direction of flow can affect the removal 
of ions. Typically, upflow results in removal of more ions when compared to downflow 
because gravity helps to distribute the flow throughout the column in upflow conditions. 
In this study, however, more nitrate was removed in the gravity flow experiments 
(sorption capacity = 0.31 & 0.35 mg/g) compared to the upflow experiments (sorption 
capacity = 0.16 & 0.13 mg/g). 
The composition of water used in the column experiments (synthetic stormwater, Chapter 
3) was different than the water used in the field verification experiments (river water, 
Chapter 4), but 91% of the nitrate source was the same granular salt (KNO3). The 
background concentration of nitrate in the river water was 0.40 mg/L NO3-N and the 
equivalent of 3.84 mg/L KNO3-N was added to the river water for a total average 
concentration of 4.24 mg/L NO3-N for the field verification experiments. The synthetic 
stormwater used in the columns experiments had an average concentration of 4.73 – 5.14 
mg/L KNO3-N. It is unclear whether the water composition used in the experiments can 
explain the difference in sorption capacity measured in this study.  
The effluent concentration of nitrate normalized by the influent concentration (C/C0) is 
plotted as a function of pore volume in Figure 4-3. Breakthrough of nitrate reached C/C0 
> 80% after 50 to 100 pore volumes. Breakthrough in the column experiments (Chapter 
3) occurred more quickly with C/C0 > 80% at between 20 and 30 pore volumes (Figure 
3-4 and Figure 3-5). This supports the result that more nitrate was captured in the field 
verification experiments compared to the column experiments (discussed previously).  
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Figure 4-3. Normalized nitrate concentration for two replicates of Sub-bituminous activated carbon, 
two replicates of Hydrodarco activated carbon, and one replicate of C-33 sand (top = full data; 
bottom = data less than 300 pore volumes)  
A significant difference between the field verification and column experiment results is 
desorption of nitrate. In the column experiments (Figure 3-4 and Figure 3-5), the 
normalized nitrate concentration (C/C0) increased to approximately 1.2, suggesting that 
some of the nitrate captured during the experiments was released after breakthrough. As 
discussed in Chapter 3, this may be explained by competition of nitrate with other ions on 
the activated carbon. During the column experiments, nitrate and other ions in the water 
are captured by the activated carbon. When the activated carbon becomes saturated, ions 
other than nitrate (e.g., CO3) have a stronger affinity for the activated carbon and thus 
replace previously captured nitrate, resulting in nitrate addition to the water (C/C0 > 1). 
This phenomenon was not observed in the field verification experiments, as shown in 
Figure 4-3. It is possible that the contact time was not sufficient for ions other than nitrate 
to be captured by the activated carbon, thus there is minimal competition with nitrate 
ions. This possibility is supported by the larger sorption capacity found in the field 
verification experiments compared to the column experiments (Chapter 3). The sorption 
capacity for nitrate was less in the column experiments because the activated carbon also 
captured other ions, thus reducing the capacity for nitrate. 
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4.4. Model Application 
Similar to the column experiments (Chapter 3), the Thomas model (Thomas 1948) was 
applied to the data collected during the field verification experiments, as shown in Figure 
4-4 and Figure 4-5. The Thomas model fits the data well (RMSE ≤ 0.061), though the fit 
may be better if more data was available for C/C0 ≤ 0.1. From this analysis, it appears the 
Thomas model can be used to estimate or represent capture of nitrates by the two 
activated carbons tested in this study, if the sorption capacity and Thomas model 
constants are known. The sorption capacities and Thomas model constants found in this 
study are listed in Table 4-3. 
	  
Figure 4-4. Aggregation of two replicates (Sub-bituminous) and with sorption model fit (Thomas 
model) (RMSE = 0.057) 
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Figure 4-5. Aggregation of two replicates (Hydrodarco) and with sorption model fit (Thomas model) 
(RMSE = 0.061) 
As previously discussed, the sorption capacity was larger in the field verification 
experiments compared to the column experiments, which was also supported by the 
sorption capacities determined by fitting the Thomas model to the data (Table 4-3). In 
addition, the sorption capacities calculated directly from the experiments (mass of nitrate 
captured divided by mass of activated carbon) agree with the sorption capacity calculated 
by fitting the Thomas model to the field verification experimental data (< 3% different).  
4.4.1. Estimate of Field Performance 
The amount of activated carbon (AC) needed to treat the water from one storm event can 
be determined by using equation (3.3). For example, assume a 5 cm (2 inch) rainfall 
event occurs over a 10,000 m2 (2.47 acre) parking lot, of which 90% of the surface area is 
impermeable. According to equation (3.3), the water quality volume (WQV) would be 
430 m3 (0.35 ac-ft).  
 
Assuming the average NO3--N concentration is 0.6 mg/L, which is the median for surface 
runoff (Maestre and Pitt 2005), the total NO3--N mass in the surface runoff is 258 g.  
 
Enhanced Filter Media for Removal of Dissolved Contaminants from Stormwater 
Final Report – September 2014 
 4-9 
The sorption capacity of the activated carbons (AC) determined by the column 
experiments is approximately 0.15 mg NO3-N/g Media (0.16 for Sub-Bituminous, 0.13 
for Hydrodarco; Table 4-3) and approximately 0.33 (0.31 for Sub-Bituminous, 0.35 for 
Hydrodarco; Table 4-3). Assuming the lesser sorption capacity (conservative 
assumption), at least 1,720 kg of AC would be needed to capture all of the nitrate from 
this rainfall event (258 g).  
 
Assuming the area of the filter is 5% of the watershed area (10,000 m2 x 5% = 500 m2), 
the spatial distribution of AC would be approximately 3.44 kg per m2 (1,720 kg Media / 
500 m2 = 3.44 kg/m2). This represents the amount of activated carbon per filter area 
(kg/m2) required to treat a single 5 cm (2 inch) storm event at median nitrate 
concentration (0.6 mg/L).  
In this study, the spatial distribution of AC in the column experiments was approximately 
74 kg/m2 and the filter media depth was 19 – 23 cm. This represents nearly 20 storm 
events of the size used in this example calculation.  
 
Assuming the larger sorption capacity from the field verification studies, at least 782 kg 
of AC would be needed to capture the nitrate from this rainfall event (258 g).  
 
Assuming the area of the filter is 5% of the watershed area (10,000 m2 x 5% = 500 m2), 
the spatial distribution of AC would be approximately 1.56 kg per m2 (782 kg Media / 
500 m2 = 1.56 kg/m2). This represents the amount of activated carbon per filter area 
(kg/m2) required to treat a single 5 cm (2 inch) storm event at median nitrate 
concentration (0.6 mg/L).  
In the column experiments, the spatial distribution of AC was approximately 74 kg/m2 
and the filter media depth was 19 – 23 cm. This represents between 20 and 50 storm 
events of the size used in this example calculation, depending on whether the sorption 
capacity from the column experiments (0.15 mg NO3-N/g Media) or the field verification 
experiments (0.33 mg NO3-N/g Media) is used.  
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It is possible that the filter media could become more tightly packed when installed in 
field applications (larger kg/m2) and for the filter media length to be increased (typically 
45 cm; Claytor and Schueler 1996). These changes could result in approximately twice as 
much activated carbon per area in field applications compared to the column experiments 
or field verification experiments. Thus, such a filter could potentially capture 40 to 100 
storm events of this size (5 cm and 0.6 mg NO3-N/L) before the AC becomes saturated 
with nitrate.  
The number of storm events in certain locations can exceed 20 each year, so the expected 
lifespan for a filter like this may be too short (2 – 5 years) to be cost-effective. If, 
however, the nitrogen could be removed through denitrification between storm events, 
the filter lifespan could be significantly increased. Denitrification requires an anoxic 
environment and though in situ denitrification does exist in some filter designs used for 
surface runoff treatment today, this topic would require more research to understand the 
minimum requirements and limitations.  
4.5. Conclusions 
The field verification experiments were designed to reveal how the treatment technology 
developed in the laboratory as part of this study could be expected to perform in field 
applications. The results from these experiments revealed that the activated carbons 
tested in this study performed better under simulated field conditions than laboratory 
conditions, capturing between 0.3 and 0.35 mg NO3-N per gram of activated carbon, 
despite significantly shorter contact time. In addition, competition with other ions for 
capture by the activated carbons was not observed in the field verification experiments 
and thus nitrate was not desorbed. The Thomas model can be used to estimate and 
represent removal of nitrate from stormwater by activated carbon with known Thomas 
constants and sorption capacities reported in this study.  
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Chapter 5. Summary and Conclusions 
There has been an increased emphasis on improving stormwater quality, particularly 
reducing the dissolved fraction of contaminant loads carried by stormwater runoff. The 
increased emphasis has stemmed from more stringent environmental regulations coupled 
with the fact that a significant fraction of contaminant loads is typically in dissolved 
form, which is more bioavailable. As a result, interest in the effectiveness of stormwater 
treatment practices with regards to volume reduction through infiltration (which can 
reduce contaminant mass loads), retention of dissolved contaminants, and how to 
increase removal of dissolved contaminants from stormwater runoff has increased.  
A thorough literature review of the current state of stormwater treatment practices with 
regards to volume reduction and removal of dissolved nutrients (nitrogen and 
phosphorus) and dissolved metals (typically cadmium, chromium, copper, lead, nickel, 
zinc and some others) was completed as part of this project. This review also discusses 
within stormwater treatment practices. This review also provides information on possible 
methods and/or enhancing agents that may increase retention of dissolved contaminants 
so that current research efforts could focus on the most promising methods to remove 
dissolved contaminants from stormwater runoff.  
Batch studies determined that several enhancing agents such as commercial products and 
organic materials can remove a substantial amount of dissolved metals, and that iron-
based products can capture a significant fraction of dissolved phosphorus. In addition, 
batch studies determined that Hydrodarco 3000 and Sub-bituminous CR830A activated 
carbons can remove a substantial fraction of nitrate from synthetic stormwater. Capture 
of nitrate occurred in less than 24 hours, though likely within a few minutes. Other 
activated carbons removed nitrates, but increased the dissolved phosphorus concentration 
in the synthetic stormwater and thus were deemed inappropriate for stormwater 
treatment. There is no apparent correlation between chloride, nitrate, and sulfate 
concentration in these batch experiments, though both Sub-Bituminous and Hydrodarco 
activated carbons increased the sulfate concentration in the experimental bottles. Data for 
the Sub-Bituminous experiments did not appear to fit any isotherm model, but an average 
sorption capacity of 0.836 mg NO3-N/g Media was estimated. Data for Hydrodarco, 
however, could be weakly (R2 < 0.6) described by the Langmuir and Freundlich 
isotherms (see Figure 2-13) and sorption capacity ranged from 0.25 – 4 mg NO3-N/g 
Media for nitrate concentrations ranging from 1 – 18 mg/L NO3-N.  
Extensive column studies were performed and found that Hydrodarco 3000 and Sub-
bituminous CR830A activated carbons can capture a substantial fraction of dissolved 
nitrate in an upflow system. The contact time in the columns was approximately 15 
minutes and dispersion was minimal compared to the time required for breakthrough (i.e., 
nearly plug flow). The experiments determined that conservative estimates of the sorption 
capacity were 0.16 mg NO3-N/g Media for Sub-Bituminous and 0.13 mg NO3-N/g Media 
for Hydrodarco with an influent concentration of approximately 5 mg NO3-N/L, though 
up to 70% or 80%, respectively, of the captured nitrate could be desorbed if the filter is 
exposed to clean water after capturing nitrate.  
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The experiments also showed that nitrate ions competed with other ions (primarily 
carbonate) for sorption to the activated carbons, and desorption of nitrate occurred when 
the activated carbons became saturated. Finally, the Thomas model was found to 
adequately predict nitrate removal by activated carbon (RMSE = 0.055 – 0.180) and 
values for Thomas model parameters (sorption capacity and Thomas coefficient) are 
reported in Table 3-4. In addition, sorption capacities estimated from the Thomas model 
were 5% – 40% larger than sorption capacities calculated directly from the experiments.  
The field verification experiments were designed to reveal how the treatment technology 
developed in the laboratory as part of this study could be expected to perform in field 
applications. The results from these experiments revealed that the activated carbons 
tested in this study performed better under simulated field conditions than laboratory 
conditions, capturing between 0.3 and 0.35 mg NO3-N per gram of activated carbon, 
despite significantly shorter contact time. In addition, competition with other ions for 
capture by the activated carbons was not observed in the field verification experiments 
and thus nitrate was not desorbed. The Thomas model can be used to estimate and 
represent removal of nitrate from stormwater by activated carbon with known Thomas 
constants and sorption capacities reported in this study.  
The lifespan for a filter that is 5% of the contributing watershed containing either of these 
activated carbons was estimated to be between 40 and 100 storm events with a rainfall 
depth of 5 cm (2 inch) and a nitrate concentration of 0.6 mg NO3-N/L (see section 4.4.1). 
Additional research is needed to determine if this is cost-effective, or if captured nitrate 
can be denitrified between storm events to increase capacity and extend the lifespan of 
activated carbon filters for nitrate removal.  
The results of this study have the potential to substantially improve stormwater treatment 
practices and water quality. This research shows that activated carbon could be mixed 
into a sand filter or used entirely as the filter media (without sand) to create a stormwater 
treatment practice that quantifiably and reliably removes dissolved nitrate from 
stormwater. The lifespan calculations from this study can be used to size such stormwater 
treatment practices and estimate longevity. Additional research is needed to determine 
whether denitrification can be used in conjunction with nitrate removal by activated 
carbon to create a filter that regenerates removal capacity, which could extend the 
lifespan significantly. At the time this report was written, few if any activated carbon 
filters are being used to treat stormwater runoff but this research reveals the capability of 
such a filter and may be the impetus needed for installations to begin.  
 
 
